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Abstract
A thorough investigation has been carried out in order to determine the suitability
of diamond and silicon carbide for active interrogation applications.
This included electrical and radiological characterisation of single crystal
diamond (D-SC) and polycrystalline diamond (D-PC) detectors; epitaxial silicon
carbide (SiC-EP) and semi-insulating silicon carbide (SiC-SI); all compared
against the performance of a commercial silicon PIN photodiode (Si-PIN) from
Hamamatsu. This work aided in determining whether the detectors were suitable
for radiation detection purposes, as well as obtaining the operational criteria for
use.
Characterisation work was also conducted on semi-insulating silicon carbide
detectors from three different suppliers, as well as on detectors fabricated via
different techniques. This work demonstrated the robustness of the material, as
the charge collection properties were unaffected by contact fabrication technique.
Changes in current-voltage characteristics were observed for different contact
fabrication methods, but were generally still low (≈nA) over the ranges tested
(±500V).
Following this work the performance of selected detectors was measured
against criteria for the AWE active interrogation project. Radiation dose
dependent performance deterioration was observed in the SiC-SI and D-PC
detectors, with decreased charge collection efficiency (-45±4%) and intrinsic
efficiency (-40% at -400V) observed respectively. It is not clear as to whether these
effects are a result of bulk material damage or contact/surface/mount damage,
but an increase in the current-voltage relationship was also observed on these
detectors, as well as the Si-PIN (SiC-SI≈+25% and D-PC≈+20% at -400V; Si-
PIN≈+300% at -25V).
Instability of the peak position and/or counting rate with irradiation time was
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observed in D-SC, D-PC and all the semi-insulating SiC (polarisation effect). For
D-SC this was primarily with alpha particles and stability would be maintained
after a period of time, with that period decreasing as the incident flux increases.
For D-PC and the semi-insulating SiC, this effect was observed on most radiation
types tested (alpha, beta, X-ray, gamma, neutron and protons) with polarisation
rate increasing as the the number of charge carriers created per incident particle
increased. However, it has been shown that combinations of ambient light and
0V bias could depolarise a semi-insulating SiC detector and even decrease its
polarisation rate for future irradiations.
D-SC, SiC-EP and semi-insulating SiC material were also shown to operate
from -60◦C to +100◦C. For D-SC and SiC-EP the charge collection efficiency was
similar (±10%) over the entire range, apart from at +100◦C for D-SC where it
was ≈50% down. For SiC-SI, the charge collection efficiency peaked at room
temperature, but became more stable at +100◦C (lower polarisation rate).
All the detectors demonstrated the ability to detect and discriminate between
both different energy neutrons and ionising photon (gamma) energies using
simple energy threshold discrimination. Comparison of the endpoint energy for
AmBe (<4.1MeV>) and Cf-252 (<2.1MeV>) or mono-energetic 1MeV and 5MeV
neutrons, give ratios (Emax(High Energy)/Emax(Low Energy)) of ≈3.5, 2.5, 5.0,
4.9 and 2.0 for D-SC, D-PC-, SiC-EP, SiC-SI and Si-PIN respectively. Similarly
comparison of the endpoint energy for Co-60 gammas (1.2MeV and 1.3MeV) and
AmBe neutron (Emax(AmBe)/Emax(Co − 60)) give ratios of 8.1, 16.0, 6.4, 6.9
and 9.1 respectively.
It was also shown that the neutron-gamma detection ability can be improved
through simple design optimisation techniques, including: the use of high atomic
number filtration to reduce gamma detection; hydrogenous proton conversion
layers to improve neutron detection; and large area detection arrays to improve
counting statistics.
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1Introduction
The development of effective and quick methods to detect the trafficking of illicit
materials is of key importance to both national security and commerce. An important
technique in this field is the use of high energy ionising radiation to actively interrogate
cargo vessels at maritime ports or borders, specifically for the detection of radiological
or special nuclear material (SNM), essentially materials which may be weaponizable.
In this type of application, active interrogation aims to detect the presence of SNM by
using either ionising photon (gamma or bremsstrahlung) or neutron radiation to induce
fission within the material and monitor the resultant characteristic emissions.
The purpose of this project is to determine the suitability of using radiation hard
semiconductors, specifically silicon carbide (SiC) and diamond (D), to detect SNM
neutron fission emissions within a practical active interrogation system.
The availability of carbon atoms within these detection materials allows for the
possibility of direct neutron detection, where as the low atomic number minimises
gamma interactions. Furthermore the wide band gap and low intrinsic carrier
concentration would suggest low leakage currents over a wide range of practical
temperatures, where as the high displacement energy of SiC and D should ensure there
are minimal radiation damage effects during operation in the intense interrogation
fields. These are all features which are beneficial for active interrogation applications.
This investigation in particular, documents work conducted on semi-insulating bulk
and epitaxial SiC, as well as electronic grade single crystal and polycrystalline D, for
1
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a never before seen comparison of each detector technology. A commercial silicon
PIN photodiode was also used during testing as a control device and comparison to a
standard, well understood, low cost radiation detector.
Electrical and radiological characterisation was conducted in order to determine
whether the detectors were suitable for radiation detection purposes, as well as
obtaining the operational criteria for use. As part of this work, studies on the
fabrication technique and material were conducted on SiC-SI in order to aid future
detector design.
Furthermore, an in-depth investigation of the stability of the detectors while under
irradiation from key radiation types (alpha, beta, X-ray, gamma, neutron, protons) was
conducted for the first time. This was complemented by alpha particle polarisation and
recovery characterisation of the semi-insulating SiC detectors, which had not previously
been demonstrated in the literature.
These electrical and radiological characteristics were also determined for the single
crystal D and SiC detectors over a range of environmental conditions (temperature),
as well as a function of long term radiation exposure (radiation hardness), key criteria
for active interrogation.
Following this characterisation, the performance of selected detectors was also
measured against criteria for the AWE active interrogation project. In particular
the ability to discriminate between different key radiation types (alpha, beta, X-ray,
gamma, neutron, protons) and energies, over a wide dynamic range of incident flux
(≈103-107 gamma/s, ≈102-105 neutron/s), has been compared for the first time in the
D and SiC materials under test. This has been complemented by a discussion of the
scalability of these detectors for large area applications, as would be required for active
interrogation.
Finally, work was conducted to enhance the detection capabilities of the detection
system through simple design optimisation techniques, including the use of high atomic
number filtration, hydrogenous proton conversion layers and large area detection
arrays. As such, despite the relatively small size of these detectors, a large array
of semiconductors may be suitable for active interrogation neutron detection.
2
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1.1 Background
Since the early 1990’s there has been significant development into methods of detecting
chemical, biological, radiological and nuclear (CBRN) material which could be used for
illegal or life threatening purposes. With regards to radiological and nuclear material,
this has been driven by the fact that from January 1993 to December 2011 there have
been [1]:
- 2164 recorded incidents involving the illegal or unauthorised trade and movement
of radiological or nuclear material, either intentionally or unintentionally,
- 1124 cases involving unauthorised activities, including disposal of radioactive
sources or discovery of uncontrolled material.
- 588 incidents that involved the theft or loss of nuclear or other radioactive
material,
- 399 cases of unauthorised possession and related criminal activities,
- 16 incidents which involved special nuclear material (SNM), such as highly
enriched uranium (HEU) or plutonium,
- several reported seizures of kilogram quantities of SNM.
These numbers only represent the seized and recorded incidents, but still clearly
highlight the need for measures to combat illicit movements of radiological material.
Certainly the final point is particularly key, as these quantities are in the region of
potentially weapon-usable material as demonstrated in Table 1.1.
The difficultly lies within how to implement measures to detect and prevent these
incidents. A particular challenge relates to preventing illicit movements of nuclear
material via legitimate trade routes. For example, in 2002 an estimated 90% of world
trade went through 20 ft ISO maritime cargo containers [4] (a shown in Figure 1.1),
which relates to some 232 million cargo movements [5]. For some international ports
up to 11,000 containers may pass through every day, 7 days a week.
3
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Plutonium Bare Critical Mass Uranium Bare Critical Mass
(kg) (kg)
236Pu 8.04 232U 3.57
237Pu 3.1 233U 15.8
238Pu 9.49 234U 145
239Pu 9.99 235U 46
240Pu 35.7 HEU (235U≥20%)[2] 25
241Pu 12.27 236U -
242Pu 85.6 238U -
Table 1.1: Calculated bare critical masses for uranium and plutonium isotopes
taken from [2][3]. The required mass can be reduced using optimised reflecters
such as water and steel.
Figure 1.1: Loaded container ship, with permission from Industrial Workers of
the World [6].
Due to the sheer volume of containers and usual fiscal constraints, it is difficult to
physically inspect large numbers of these cargo containers without seriously affecting
commerce. For the USA alone, in 2004 it was estimated that of the 7 million cargo
containers which are believed to pass through the country1 only 5% of those travelling
1taken from 2002 data [5].
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(a) Principle of passive interrogation. A
nucleus decays with the emission of a
gamma ray or a particle (i.e. neutron)
which may be detected. Alternatively
the emission may be a particle which
interacts with surrounding materials to
create secondary detectable radiations.
(b) Advanced spectroscopic portal in use
at a USA border, with permission from
Thermo Fisher Scientific.
Figure 1.2: Passive interrogation.
by sea, 15% travelling by truck and 22% travelling by rail were checked [5]. Clearly
a quicker and less labour intensive method of inspection is required to prevent illicit
movements of CBRN.
1.2 Passive Interrogation
Historically, the most common method of automated interrogation at borders and ports
has involved measuring the natural emissions emitted from the radioactive material
and/or the indirect emissions from the surrounding materials (e.g. bremsstrahlung
radiation).
Although this passive interrogation allows for quick movements of inspected objects
through the detectors, and recent advancements have lowered false-positives from
natural or commercial radiation sources (i.e. ceramics, bananas, etc), these systems
do have limitations [7]. For example, HEU has both characteristic gamma and neutron
emissions, but they are of such a low energy (gamma) or intensity (neutron) that they
5
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can be shielded from the detectors, as can be seen in table 1.2.
Weapons grade plutonium offers slightly better natural emissions to detect,
especially the neutron emission which is often accompanied by a 2.22 MeV photon
from neutron capture reactions with surrounding hydrogenous material [8]. However,
the natural gamma emissions can still be shielded and it is possible to mask the neutron
emissions with legitimate commercially available radioactive sources such as PuBe,
AmBe and hand-held industrial moisture gauges [8].
Nuclide Emission Energy Intensity
(keV) (s−1g−1)
235U gamma 186 4.3×104
neutron Fission neutron 1.6×10−3
239Pu gamma 129 1.4×105
gamma 413 3.4×104
neutron Fission neutron 5.6×101
Table 1.2: Significant gamma and neutron emissions for uranium-235 and
plutonium-239 [8][9][10].
1.3 Active Interrogation
Most active interrogation techniques utilise external radiation sources (usually neutrons
and photons) to probe and identify objects under investigation. In principle, this type of
method has been used for over 100 years in devices such as X-ray machines and scanners.
Modern devices, such as the one demonstrated in Figure 1.3(b), have expanded on the
traditional medical or baggage scanners and are capable of creating an image of what
is inside large objects, such as an ISO cargo container. However, in order to penetrate
high levels of shielding, which may be present within the container or (presumably)
around any suspect source, other methods are required.
A very common technique under investigation is the use of ionising radiation sources
to actually induce fission in SNM in order to detect the signature products. This
6
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approach has been extensively employed on a smaller scale since the 1970’s to detect
the presence of SNM at various points within the nuclear fuel cycle [11]. For most cargo
based applications, the interrogation sources need to be both high fluence and energy in
order to quickly detect suspect material in large amounts of shielding. Subsequently the
majority of interrogation sources under investigation are accelerator based, as opposed
to actual radioisotopes, and are generally accompanied by significant logistical and
legislative issues when using them in the field.
The induced fissions from this active interrogation technique result in an emission
of gammas and neutrons with a characteristic:
- Energy spectrum,
- Yield,
- Time distribution.
All of these are dependent upon the type and energy of the interrogation radiation used,
as demonstrated in Table 1.3. The timing of the emissions are also separated between
prompt emissions (<10ns [12]), representing the gamma and neutrons produced directly
as a result of the fission; and delayed emissions (>10ns [12]), representing the gamma
and neutrons produced from the decay of the fission products, their subsequent
daughters and interactions with the surrounding material.
For neutron-induced fission, the yield [14] and penetration [15] of higher energy
neutrons is greater than that of lower energy, although the interaction cross sections
at lower energies is greater (600b for thermal neutrons compared to 0.1b for 10MeV
neutrons in U-235 [14]). For most applications the maximum energy of neutrons used
has been limited to less than 10.2MeV, as above this threshold there is significant
interference from the 6.1MeV gamma rays emitted during the decay of 16N following
16O(n,p)16N capture reactions [12]. However, at lower energies, neutron interrogation
can still lead to the activation of the surrounding materials, resulting in other prompt
background emissions as well as continued emissions from the subsequent daughter
products, as demonstrated in Table 1.4.
Photon interrogation (gamma or bremsstrahlung) on the other hand, provides a
7
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(a) Principle of active interrogation. A
nucleus is excited by an external source
and undergoes a reaction producing de-
tectable radiations (gamma or neutrons)
and/or daughter products, which them-
selves may produce detectable radiation.
(b) The Eagle T10 interrogation systems
used to X-ray cargo containers, with
permission from Rapiscan [13].
Figure 1.3: Active interrogation.
near instant loss of the background reaction products with little or no activation. In
most instances the photon energy used for interrogation is greater than 6MeV in order
to penetrate surrounding material and induce photofission reactions within the SNM,
as suggested from the reaction thresholds in Table 1.4. Increasing energies above
this threshold both decreases the measurement time and increases the penetration
depth [12]. However, certainly within the USA, legislation exists limiting the use of
high energy photon radiation for irradiation of food (which may be present in cargo
containers) to 10MeV. Furthermore, above 2MeV photon induced reactions begin to
take place within common surrounding materials which produce interfering background
radiation, as shown in Table 1.4. As the photon interrogation energies increase, the
intensity of these interfering emissions also increases significantly [12].
A further issue with high energy photon interrogation is that, although the
background reaction products die away very quickly, the large initial interrogation pulse
(1012 photons/pulse in applications covered by Runkle [12]) makes it very difficult to
detect prompt gamma or neutron emissions. As demonstrated in Table 1.3, prompt
emissions from either interrogation type, offer the largest yield and therefore the
8
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Average Yield Average Energy Average
per Fissiona (MeV)[8]a Half-life (s)
Interrogation Fission Emission Emission 235U 239Pu 235U 239Pu 235U 239Pu
Type Reaction Type Time
Neutron Thermal Neutron Prompt 2.4 2.9 1.935 2.010 - -
neutron
∼14 MeV Neutron Prompt 4.6 [8] 4.9 [8] 2.030 2.190 - -
neutron
Any Gamma Prompt 6.7 7.2 0.97 0.95 - -
Neutron Gamma Prompt 0.2 0.3 - - - -
Energy >3 MeV
Gamma Photofission Neutron Prompt 2.8 3.2 ∼2.0b ∼2.1b - -
Neutron Prompt 0.6-1.1 0.7-1.2 - - - -
>3 MeV
Photofission Gamma Prompt 6.7 7.2 ∼0.97b ∼0.95b - -
Gamma Prompt 0.2 0.3 - - - -
>3 MeV
Neutron Thermal Neutron Delayed 0.015 0.0061 0.43 0.40 8.8 8.8
neutron
Thermal Gamma Delayed 7 7 0.96 0.98 30 30
neutron
Gamma Delayed 0.13 0.07 - - - -
>3 MeV
Gamma Photofission Neutron Delayed 0.01 0.004 ∼0.43b ∼0.40b 8.8 8.8
Photofission Gamma Delayed 0.26c ∼0.96b ∼0.98b 30 30
Gamma Delayed 0.13 0.07 - - - -
>3 MeV
a It should be noted that, although the order of magnitude is similar, there is some variation in these numbers
within the literature related to the energy of the incident neutron/photofission beam and thresholds for detection.
b Neutron-induced fission data as photofission signatures are similar [8][12][14].
c For Eγ >0.51 MeV [16].
Table 1.3: Neutron and gamma induced fission signatures for uranium and
plutonium from [14] unless otherwise stated.
shortest detection time, which is ideal for rapid cargo inspection. However, at the time
of writing there were no reports of successful experimental measurements of prompt
photon detection following photon interrogation, primarily as it would be very difficult
to distinguish between the initial gamma interrogation and fission products.
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Incident Reaction Natural Reaction Daughter Daughter Product Likely
Radiation isotopic Threshold Half-life Significant Emissions Present In
abundance (%) (MeV) (Eγ>1MeV)
Photon 2H(γ,n)1H 0.015 2.226 Stable - Moisture /
Shielding
6Li(γ,n)5Li 7.5 5.666 Stable - Electronics
6Li(γ,p)5He 7.5 4.590 Stable - Electronics
6Li(γ,np)4He 7.5 3.700 Stable - Electronics
7Li(γ,n)6Li 92.5 7.254 Stable - Electronics
12C(γ,n)11C 98.90 18.74 20.3 min E+γ (Eγ=0.511MeV) Air/Shielding
14N(γ,n)13N 99.63 10.56 9.97 min E+γ (Eγ=0.511MeV) Air/Moisture
16O(γ,n)15O 99.76 15.67 122.2 s E+γ (Eγ=0.511MeV) Air
17O(γ,p)16N 0.04 13.79 7.13 s γ (Eγ=6.129MeV) Air
18O(γ,p)17N 0.20 15.95 4.174 s - Air
18O(γ,np)16N 0.20 21.84 7.13 s γ (Eγ=6.129MeV) Air
40Ar(γ,np)38Cl 99.6 20.61 37.2 min γ (Eγ=1.642MeV) Air
γ (Eγ=2.167MeV ) Air
40Ar(γ,p)39Cl 99.6 12.53 55.6 min γ (Eγ=1.267MeV) Air
γ (Eγ=1.517MeV ) Air
54Fe(γ,n)53Fe 5.85 13.38 [14] 8.51 m - Container
56Fe(γ,n)55Fe 91.754 11.199 [14] 2.7 yrs - Container
57Fe(γ,n)56Fe 2.119 7.647 [14] Stable - Container
58Fe(γ,n)57Fe 0.282 10.046 [14] Stable - Container
204Pb(γ,n)203Pb 1.4 8.394 [14] 51.87 h - Shielding
206Pb(γ,n)205Pb 24.1 8.086 [14] 1.53×107 yrs - Shielding
207Pb(γ,n)206Pb 22.1 6.738 [14] Stable - Shielding
208Pb(γ,n)207Pb 52.4 7.367 [14] Stable - Shielding
232Th(γ,n+fis) 100 6.44 [14] Multiple Multiple Fissionable
235U(γ,n+fis) 0.720 5.297 [14] Multiple Multiple SNM
238U(γ,n+fis) 99.27 6.154 [14] Multiple Multiple Fissionable
239Pu(γ,n+fis) 99.27 5.646 [14] Multiple Multiple SNM
Neutron 16O(n,p)16N 99.76 10 7.13 s γ (Eγ=6.129MeV) Air
19F(n,α)16N 100 1.6 7.13 s γ (Eγ=6.129MeV)
37Cl(n,γ)34P 24.23 1.6 12.4 s γ (Eγ=2.127MeV) Air/Shielding
48Ca(n,p)48K 0.187 0 6.8 s γ (Eγ=3.831MeV)
34S(n,p)34P 4.21 4.72 12.4 s γ (Eγ=2.127MeV)
54Fe(n,γ)55Fe [14] 5.85 2.7 yrs - Shielding
54Fe(n,3n)52Fe [14] 5.85 8.275 h - Shielding
54Fe(n,3n)52mMn [14] 5.85 21.10 m γ (Eγ=1.434MeV) Shielding
54Fe(n,3n)52Mn [14] 5.85 5.591 d γ (Eγ=1.434MeV) Shielding
54Fe(n,p)54Mn [14] 5.85 312.5 d - Shielding
54Fe(n,α)51Cr [14] 5.85 27.70 d - Shielding
56Fe(n,2n)55Fe [14] 91.754 2.7 yrs - Shielding
56Fe(n,p)56Mn [14] 91.754 2.578 h γ (Eγ=1.810MeV) Shielding
56Fe(n,3H)54Mn [14] 91.754 312.5 d - Shielding
57Fe(n,3n)55Fe [14] 2.119 2.7 yrs - Shielding
Table 1.4: Key neutron and photon induced interference reactions [12][14][17].
Detection of prompt neutrons following photon interrogation is more promising due
to the different fundamental interaction mechanisms of each radiation. Interference
from the initial photon interrogation pulse can be overcome using neutron detectors
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which either discriminate gammas or are insensitive to them, which has been
demonstrated by Jones [18] and Blackburn [19] respectively. However, the detectors
must also account for the photoneutrons produced from the surrounding materials.
Methods to distinguish SNM fission neutron products from background photoneutrons
has been demonstrated using time-of-flight energy discrimination techniques, as
well as utilising photon interrogation energies which minimise background reactions
(approximately 6MeV), as discussed by Runkle et. al. [12]. Similar considerations exist
for the detection of prompt photons following neutron interrogation, as gamma rays
are usually produced from the neutron interrogation source and interactions with the
cargo material. Once again a time-of-flight system, using the fact that the gamma rays
travel faster than the fast neutrons, may be used to identify the prompt photons [14].
Detecting prompt neutrons following a neutron interrogation pulse is also a
significant challenge. It is possible to distinguish the interrogation neutrons from the
fission neutrons by actually extending the length of the initial pulse to the order of
microseconds, contrary to the more conventional nano-seconds. This has the effect of
increasing the amount of thermal neutrons created through interactions with the SNM
(if present), the surrounding material and the neutron source head (which usually
contains some form of neutron moderator). When the interrogation pulse is switched
off, the fast interrogation neutrons are rapidly thermalised within the shielding, where
as the thermal neutrons remain present for a longer period of time. As the cross-section
for thermal neutron induced fission is an order of magnitude bigger than for fast neutron
fission, they continue to create significantly more fissions within the SNM during the
total detection period. Therefore by using a fast neutron detector which is insensitive
to thermal neutrons, the resultant signal can be observed over a period of milliseconds.
This characteristic time-decay measurement is called Die-Away Analysis and has been
discussed in [12][14].
A further method to detect fission neutrons while discriminating the interrogation
neutrons, is to use interrogation energies lower than the expected emission energies. The
expected prompt fission neutron energy limit is in the order of 3 MeV, where as the
standard neutron output for a common low voltage Deuterium-Deuterium accelerator
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is capable of producing approximately 2.8MeV neutrons [14]. Alternatively work has
also been carried out on a slightly more complex accelerator which produces 0.06MeV
neutrons [15]. Although both these systems benefit from increased cross sections, they
both suffer from decreased penetration depths, 15cm and 26cm in polyethylene for
0.06MeV and 2.0MeV neutrons, respectively [15]. This can be compared to 68cm for
14MeV neutrons.
In general, detecting prompt emissions requires both very fast responding detec-
tors [19] and electronic acquisition systems [19] [20], usually resulting in more cost or
complication.
The detection of the delayed signals utilises more standard detectors and electronics,
resulting in a more common approach for proof-of-concept interrogation testing
within the literature. Delayed neutrons are particularly easy to measure and are
characteristic of the presence of SNM. However, their low intensity and energy
effectively increases their susceptibility to shielding and potentially makes the detection
time longer. Delayed gammas have both a significantly greater yield (Table 1.3) and
penetration depth than the delayed neutrons, but without the use of high resolution
spectroscopy equipment, the resultant spectrum is relatively featureless and difficult
to discriminate against background radiation (the interrogation pulse and subsequent
cargo interactions).
Additional complication is added to all these methods due to differing effects caused
by the length and intensity of the interrogation pulse. It is therefore clear that no
single method for interrogation or detection is ideal and significant trade-offs need to
be considered. In fact currently a lot of work is concentrating on utilising a portfolio
of complementary methods in order to achieve the active interrogation goal [11][21].
1.4 AWE Active Interrogation Programme
Since 1950, AWE (the United Kingom’s Atomic Weapons Establishment) has played
a crucial role in the defence of the UK. Further to the maintenance of the UK’s
nuclear deterrent, they have also provided the government with advice and innovative
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solutions for national nuclear security. Subsequently they are spearheading the
UK’s development of an active interrogation system for the remote detection of
illicitly trafficked material as part of a threat reduction programme for a number of
international collaborators.
Figure 1.4: PBAR active interrogation concept from Rapiscan, utilising the
Rapiscan Eagle P9000 portal X-ray system [11].
Of the several methods under review, detection of SNM through induced fission is
of key interest, with the overall aim of producing a system which can actively detect
kg masses of SNM in 20 ft ISO cargo containers at stand-off distances (3-5m). At the
time of writing, the project aims to use a pulsed 9MeV LINAC X-ray source [22], to
interrogate cargo containers at a rate reasonable for commerce.
The LINAC will be capable of fluences in the order of ∼106 to 1012 photons per
second per cm2 at 1m distance [23]. The system may also have the option of an
additional deuterium target for photoneutron production and therefore the possibility
of both photon and neutron interrogation. Both gamma and neutrons will be detected
following interrogation, but the time spectra observed (prompt/delayed) are still to be
decided upon following practical testing.
At the time of writing, the physical design of the system is likely to be similar
to that discussed by Stevenson et al. [11], as shown in Figure 1.4, with the detectors
being placed opposite the LINAC head, around 3-5m away, effectively being ‘in-beam’.
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Subsequently the detectors are likely to be exposed to around 1-5 Gy/cm2/pulse.
Detectors to be considered for the AWE active interrogation system will be required
to meet certain criteria in order to be deemed suitable for use in the final application.
The specific criteria of the system was still under review during this project, however
a number of requirements were proposed and investigated2 as part of this project to
enable a flexible comparison of the detectors under test for all future active interrogation
applications, as summarised in Table 1.5.
Due to the nature of the active interrogation system, the detectors will most likely
be exposed to high flux and energy radiation fields as a result of the the prompt
and delayed emissions; activation of the surrounding material; and from the initial
interrogation pulse itself, certainly if they are ‘in-beam’. As such, any detector deemed
suitable for use must not show any radiation-induced damage over the operational
life-time of the detection system (around 5 years as a minimum).
Furthermore, an effective nuclear threat reduction system requires security systems
in place on all ports and borders, not only in the country being protected, but also at
the place of origin for any cargo. After all, discovering nuclear threats on your own
border may already be too late. As such, it could be expected that active interrogation
systems would be deployed all over the world and therefore exposed to a multitude
of environmental conditions. Therefore any detection system must be able to operate
in non-laboratory environments, specifically over a wide practical temperature range
(-30◦C to +55◦C).
In addition to this, each active interrogation system would require detectors or
detection arrays with a reasonable sensitive area (approximately 1m2) in order to
efficiently capture any emitted reaction products. With standard cost and availability
limitations, this factor could pose a challenge when considering small scale devices
such as semiconductors (areas in order of mm2) and deployment to multiple locations.
Subsequently the scalability of the detectors must be considered.
As the detectors will operate in mixed neutron and photon radiation fields,
regardless of interrogation type, a suitable detection system must be able to distinguish
2Following direct discussion with AWE [22][23][24].
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Property Requirement Criteria
Radiation
Hardness
The detection system must not show signif-
icant signs of irrecoverable radiation-induced
degradation over a reasonable operational life-
time.
>5 years
Environmental
The detector(s) must be able to operate in
non-laboratory environments, specifically over
a wide temperature range.
-30◦C to +55◦C
Scalability
The detection system must be cost effective
and scalable in both size (detection area
/ volume) and number (multiple active
interrogation systems).
£/cm2
Neutron Energy
Discrimination
Ability to discriminate between prompt fission
neutrons (2-5MeV) and delayed scattered
or thermalized neutrons (<2MeV) would be
beneficial.
nslow<2MeV
nfast>2MeV
Dynamic Range
The detection system must be able to operate
in or recover quickly from the large incident
interrogation pulse, responding in a time
frame suitable for prompt detection.
∼1ms
Cross-sensitivity
Sensitivity to gamma radiation must be
minimal or discriminable for any neutron
detection system.
n
γ>1
Stability
The performance of the detectors must remain
stable during each interrogation.
1-20mins
Table 1.5: Key neutron detector requirements for an active interrogation
system [22][24][23][25].
between neutron and photon induced signals. Therefore effective neutron detectors
must be either insensitive to photons or be able to discriminate them from the neutron
signal. Conversely any gamma detectors, must be insensitive to neutrons or able to
differentiate the neutron component.
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Similarly, the ability to simply discriminate different energies within the resultant
photon or neutron spectra, would also assist the capabilities of the system. For
neutron detectors discrimination between prompt fission neutrons (2-5MeV) and
delayed scattered or thermalised neutrons (<2MeV), would be beneficial in determining
the characteristic fission spectra.
As discussed, the detector system (defined as the detectors, electronics and software
required to identify the specific radiation) will likely be exposed to high flux and
energy radiation fields during the interrogation pulse. Likewise the detectors will
also potentially have to operate in relatively low fluence radiation fields following
that initial pulse. ‘Normal operation’ aside (i.e. most cargo containers would not
contain fissionable material), even fission products would be emitted over a 4pi volume,
significantly reducing in intensity at stand-off distances. As such, the detector system
must be able to operate over a wide dynamic range, as well as be able to either operate
in or rapidly recover from, the high intensity interrogation pulse so that the induced
emissions can be quickly detected.
Finally, in order to maintain confidence in the resultant detection output, the
detectors must remain stable during each cargo interrogation. Specifically, there must
not be a significant shift in the response of the detectors or the radiation induced signal
during exposure.
1.5 Radiation Hard Semiconductor Detectors
Although the use of SiC and D semiconductors for radiological detection applications
was demonstrated as far back as the 1950’s [26][27], at the time of writing they are
still considered a relatively “immature” detector technology. In fact, it wasn’t until
a resurgence in the 1990’s, driven by the need for electronics which could withstand
high temperatures and radiation doses, that high quality, low defect material started to
become available. These detectors have a number of characteristics which potentially
make them suitable for use as neutron detectors in active interrogation systems.
One of the primary advantages of these particular detectors is the ability to directly
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detect fast neutron radiation. A lot of fast neutron detectors operate via indirect
processes, where the incident fast neutrons are slowed down in a moderator and /
or converted into secondary detectable particles (such as ions or alpha particles).
This subsequently leads to a loss in the efficiency of the detection system, due to the
combination of interaction probabilities and potentially a loss of spectral information,
due to the neutrons being slowed down or the emission of secondary particles with
specific reaction energies.
The low atomic number of silicon carbide (14/6) and diamond (6) means the
maximum possible amount of energy transferable through elastic scattering, the most
common interaction method for fast neutron detection, is around 28% for carbon and
13% for silicon. This allows for detectable signals to be generated through interactions
within the material itself, simplifying interaction probabilities. The signal pulses will
also be directly proportional to the energy of the incident neutron, allowing for better
spectral information.
The ability to directly detect neutrons in Si and SiC has been demonstrated by
Franceschini and Ruddy [27] in Figure 1.5(a), where as it has been demonstrated by
Pillon et al. [28] in Figure 1.6 for D.
The SiC data presented in Figure 1.5(a) highlights the benefit of the increased
neutron energy transfer ratio from carbon atoms, with a significant increase in the
efficiency of recoil interactions for SiC over silicon in the lower part of the spectrum.
Furthermore, the data presented in Figures 1.5(b) and 1.6 demonstrate the acquired
spectrum’s dependency upon neutron energy and hence the ability to distinguish
neutron emissions for both SiC and D.
Further to this, the low atomic number means that these detectors are more
insensitive to photon radiation relative to other semiconductor detectors, potentially
reducing neutron-gamma cross-sensitivity in mixed radiation fields. The photon
sensitivity would be further reduced due to their thin size relative to other neutron
detectors (in the range of 100’s of µm), however there would also be a likewise reduction
in the neutron sensitivity to contend with.
In general, the thin size and high density (Table 1.6) of semiconductors also
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(a) Direct 14 MeV neutron spectra in a 28.3mm2 × 100µm 4H-SiC
epitaxial Schottky detector and 450mm2 × 100µm Si passivized ion
implanted detector with the same active volume thickness.
(b) Direct neutron energy spectra for a 28mm2 ×10µm 4H-SiC
epitaxial Schottky diode under irradiation of 252Cf, 241Am-Be and
14MeV mono-energetic neutrons.
Figure 1.5: Neutron interactions with SIC and Si detectors taken from [27].
allow for fast charge collection and therefore an intrinsically fast signal pulse,
beneficial characteristics for use in active interrogation. Certainly, Zhang et al. have
demonstrated 241Am alpha pulse widths of ≈2 ns in epitaxial SiC [29], whereas pulse
18
1 - Introduction
Figure 1.6: Mono-energetic neutron spectra for a high purity single crystal
diamond detector with dimensions 4.7 × 4.7 × 0.5 mm2 as shown in [28].
widths of ≈1-4 ns have been demonstrated for 55-200 MeV protons in polycrystalline
diamond and 20 MeV 12C ions in single crystal diamond by Frais-Kolbl et al. [30]
and Duen˜as et al. [31] respectively. Therefore with appropriate electronics, it would
be expected that these detectors could operate in both the intense fields of the active
interrogation pulse and the short time frame of the prompt emissions.
SiC and D detectors also have a number of additional characteristics which make
them particularly suited for practical roll-out into active interrogation systems. As the
title of the section suggests, these detectors are considered radiation hard due to their
large threshold displacement energies, as shown in Table 1.6. Put simply, compared to
detection materials such as silicon, more energy is required from radiation interactions
in order to damage the crystal lattice of a SiC or D detector.
Over the last two decades a significant amount of research has been conducted into
the radiation hardness aspects of these materials, particularly as part of the CERN
RD42 and RD50 collaborations [32][33], as well as developments in fusion power. For
SiC it has been shown that there are generally no significant degenerative effects of
detection capabilities up until electron [34], neutron [35] and proton [36] fluxes of
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approximately 1013-1014 incident radiation per cm2 or ≈1.25 MeV gamma doses up to
20 kGy [34], limits significantly below the expected active interrogation exposure levels
discussed in Section 1.4 (5-10 Gy/cm2/pulse). In fact, it has also been shown that
these detectors are still capable of reasonable operation well above these limits, around
1015-1016 incident radiation per cm2 for electrons, neutrons and protons [34][35][36]
and several MGy’s for ≈1.25 MeV gammas [37].
Similarly for D it has been demonstrated that neutron fluxes of approximately
1014-1015 neutrons per cm2 [44][45], ≈1.25 MeV gamma doses up to 10 MGy [46]
and 10 MeV electron [47] doses up to 1 MGy don’t significantly affect the detection
capabilities of the material. Once again the level of degradation above these limits still
allows the detectors to be used, with actual complete loss of detection capability only
being recorded by Lohstroh et al. for fission neutrons up to 1016 neutrons per cm2 [48].
Interestingly for low energy (MeV) protons and light ions, radiation damage effects
have been demonstrated at fluxes as low as 1010 protons per cm2 [49], but at higher
relativistic energies (GeV) D has been capable of operation in 1015-1016 protons per
cm2 [50] fields.
A further practical benefit of SiC and D comes from the wide band gap and low
intrinsic carrier concentration of the material (Table 1.6). These properties allow
for lower leakage currents and signal-to-noise ratios, relative to other semiconductor
materials, over a wide range of temperatures. The materials themselves are capable of
being in temperatures of several thousand degrees without damage, but for detection
purposes Garcia et al. showed that SiC is capable of operation up to 500◦C [51], with
several papers and books discussing that Babcock and Chang demonstrated operation
up to 700◦C in 1963 [52]. Likewise the literature shows testing of D up to around
220-260◦C [53][54].
There is less literature covering the low temperature operation of these detectors,
but those that do show no significant difference between sub 0◦C detection capabilities
and room temperature operation, as would be expected for these types of semiconductor
detector [53][55]. Subsequently it would be fully expected that both SiC and D would
be able to operate over the range of temperatures required for an active interrogation
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Property Silison Silicon Carbide Diamond
(Si) (4H-SiC) (6H-SiC) (D)
Z 14 14/6 14/6 6
ρ 2.3 3.2 3.2 3.5
(g·cm3)
Band Gap, 1.12 3.3 3.03 5.5
Eg (eV)
e-h Pair Creation 3.6 7.8 7.8 13
W (eV)
Threshold Displacement Energy 13-20 21.8 21.8 43
(eV)
Minimum Ionizing Energy Loss 2.7 4.4 - 4.7
(MeV·cm−1)
Electron Mobility, 1450 800-1000 370 1800-2200
µe (cm
2/Vs)
Hole Mobility, 450 50-115 50 1200-1600
µh (cm
2/Vs)
Dielectric Constant 11.9 9.7 9.7 5.5

Breakdown Voltage 0.5 2.2-4 2.4 10
(MC·cm−1)
Saturated Electron Velocity 1.0×107 2.0×107 2.0×107 2.7×107
at 300K (cm·s−1)
Intrinsic Carrier Concentration ≈ 1010 ≈ 10−7 ≈ 10−5 ≈ 10−10
ni (cm
−3)
Cost 0.08 197 / 11.46 - 34.02 / 5.90
High CCE / Low CCE (£ / mm−3)
Table 1.6: Material properties of silicon, silicon carbide and diamond radiation
detectors. Data compiled from [38][39][40][41][42][43]. All values given for
temperature of 293K unless otherwise stated.
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system, as their operational limits far exceed the practical requirements for this type
of application (-30◦C to +55◦C in Section 1.4).
However, at the time of writing, there remain some disadvantages with using SiC
and D for large-scale, international role-out of active interrogation systems. Currently
there are only a handful of commercial suppliers in the world that grow SiC for detection
applications and only two or three for D. Consequently the cost of good quality material
is relatively expensive and the commercial risk associated with a limited supply is high.
Recently the cost of SiC has started to reduce as the material is more commonly
being used for harsh-environment electronics [56], high-quality UV photodiodes [57] and
consumer LED lighting [58]. For detection purposes, epitaxial SiC provides excellent
resolution and stability, but is still limited to layers of around 100-150µm thick [27][59]
which is not ideal for X-ray, gamma and neutron applications. On the other hand, bulk
semi-insulating SiC can be grown to relatively large thicknesses (500µm [60]) and is
available at lower cost, however the material quality of bulk detectors is generally poor,
leading to low charge collection and a variation of radiation signal during irradiation,
the so-called polarisation effect.
The availability of grown high-quality detection grade D has been quite turbulent
over the last 10 years, as bespoke manufactures have struggled and arguably failed to
find a niche in the larger market. That being said, a number of recent commercial
developments would suggest that the market and availability is at least stabilising.
However, the cost of the material still looks to remain high due to the complexity of
fabricating such a ‘hard’ material and low uptake in applications (relative to SiC).
Similarly to epitaxial SiC, chemical vapour deposited (CVD) single crystal diamond
provides excellent detector performance, with good resolution and stability [61].
However, although it can be grown to reasonably thick layers (100’s of µm to even mm),
the area of these detectors is limited due to the growth processes. Larger detection areas
are available with CVD polycrystalline diamond, but as with semi-insulating SiC, the
quality of the material leads to poor charge collection and polarisation issues [62][63].
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Most ionising radiation detectors utilise common operation principles, those being
that the radiation must enter the detector and deposit some or all of its energy
via interactions within the detection material. This deposited energy subsequently
generates a detectable signal which can be used to analyse the characteristics of the
incident radiation. Within the following sections, the fundamental interactions of these
common principles has been discussed.
2.1 Heavy Charged Particles
When charged particles traverse matter they lose energy when they interact with the
atoms of that matter. These interactions can occur via direct collisions with the atomic
nuclei (nuclear interactions) or through Coulomb forces (electric interactions) between
the charged particle and the orbital electrons of the traversed material, as described by
Coulomb’s law,
F =
1
4pi0
· q1q2
d2
where F is the force between the two charges (q1 and q2) over the distance d and 0 is
the electric permittivity constant. The energy lost from the charged particle via this
reaction may be transferred to the orbital electrons and, if sufficient, will excite them to
a higher energetic state (with a resulting de-excitation and X-ray photon emission) or
remove them from the atom completely (creating a free electron-ion pair, ionisation),
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(b) Total stopping power for protons and alpha particles in
silicon, carbon and lead.
Figure 2.1: Density normalised stopping power (−1
ρ
· dE
dx
) of ions against
the incident particle energy (Ei), taken from ASTAR and PSTAR NIST
databases [64].
which may itself excite other orbital electrons. Similarly if an electron from an inner
shell is liberated, an outer shell electron will de-excite to fill the void, again leading to
a photon or free electron (Auger) emission.
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As can be seen from Figure 2.1(a), the most prominent interaction method is via
interactions with orbital electrons, as the rate of energy loss (−dE/dx), or stopping
power, is orders of magnitude greater than direct collisions for most incident particle
energies.
The rate of energy loss for electron interactions is dependent upon the incident
particle (velocity v and charge z) and the absorber material (atomic number Z,
number density N and average excitation energy Ie), as shown in Figure 2.1(b). This
relationship is described by the Bethe-Bloch formula 2.1 [65][66],
− dE
dx
=
4pie4z2NZ
mev2
[
ln
(
2mev
2
Ie
)
− ln
(
1− v
2
c2
)
− v
2
c2
− δ
2
]
(2.1)
where e and me are the charge and rest mass of an electron respectively. Within this
expression δ/2 represents the density effect correction factor, which is applicable for very
high energies where plasmas need to be considered (in the order of GeV) [66]. However,
with most standard radiation detection applications this term can be neglected.
Furthermore at non relativistic energies1 (alpha energies < 25 MeV, proton energies <
6 MeV) this term can be further simplified to Equation 2.2.
− dE
dx
=
4pie4z2NZ
mev2
ln
(
2mev
2
Ie
)
(2.2)
Charged particles lose energy as per the Bethe-Bloch formula (2.1) until they reach
an energy such that they begin to pickup electrons from the absorber atoms and
neutralise. At this point the stopping power becomes dependent on direct collisions
with the atomic nuclei (demonstrated in 2.1(a)) which allow for large instantaneous
losses of the remaining energy. The resultant plot of the energy loss of a charged
particle as it moves through a medium is known as the Bragg curve and has been
shown in Figure 2.2.
The result of these interactions is a characteristic range for charged particles
traversing matter as shown in Figure 2.3. However, as suggested by the sharpness
of the cutoff for the Bragg curves in Figure 2.2, in reality there is some variation on the
final range as a result of the fundamental random nature in the interactions occurring.
Known as Straggling, any beam of charged particles traversing a medium can expect a
1Taken as the point by which Classical Energy differs from the Relativistic Energy by 1%.
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Figure 2.2: Bragg curves, stopping power (-dE/dx) against penetration depth (x)
for 5485 keV alpha particles and protons in silicon, carbon (graphite) and lead,
taken from ASTAR and PSTAR NIST databases [64].
variation on both the energy distribution and the penetration depth along the particle
track. Consequently it is more common to take either the mean range (xm), the point
by which intensity of unabsorbed charged particles (I) is 50% of the initial intensity
(I0), or the extrapolated range (xe), the intercept from a straight-line fit of the relative
transmission intensity, as demonstrated by Figure 2.4.
2.2 Electrons
Fast electrons or beta particles (β−) can lose energy as they traverse matter via Coulomb
interactions with the orbital electrons in the absorber atoms. However, as the mass
of the incident radiation is equal to that of the electrons with which it is interacting,
a larger fraction of the beta particle’s energy can be lost per interaction compared to
heavy charged particles.
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Figure 2.4: Relative transmission intensity (I/I0) of charged particles passing
through matter of thickness tx, adapted from [65].
Consequently, rather than using Equation 2.1 to describe the Coulomb rate of
energy loss (dE/dx)c, the Bethe Mean Stopping Power formulae [65] must be used,
−
(
dE
dx
)
c
= −Sc = 2pie
4NρZ
me
B(E) (2.3)
where B(E) is the stopping power number defined by,
B(E) =
1
v2
[
Ba(E)−Bb(E) +Bc(E)
]
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and,
Ba(E) = ln
m0v2E
2I2e (1−β2)
Bb(E) = (ln2)(2
√
1− β2 − 1 + β2)
Bc(E) = (1− β2) + 18(1−
√
1− β2)2
Within these equations β is equal to the velocity of the incident beta particle (v) divided
by the speed of light (c), β = v/c.
In addition to Coulombic energy losses, beta particles can also lose energy via
radiative processes. These occur when a beta particle is subjected to an acceleration
brought on by deflections within the matter, causing it to radiate the lost energy in the
form of X-ray photons, also called bremsstrahlung or breaking radiation.
The rate of energy loss for radiative interactions (dE/dx)r, can be given by,
−
(
dE
dx
)
r
=
NρZ(Z + 1)e
4
137m2ec
2
(
4Eln
[
2E
m0c2
]
− 4
3
)
(2.4)
Consequently, the total linear stopping power for the electrons traversing matter is the
sum of the Coulombic and radiative losses,
dE
dx
=
(
dE
dx
)
c
+
(
dE
dx
)
r
(2.5)
The ratio of the radiative to the Coulombic energy loss can be approximated to [65],
(dE/dx)r
(dE/dx)c
≈ EZ
700
which suggest that radiative losses only become significant for high beta energies and
for materials with large atomic numbers, as demonstrated in Figure 2.5(a) and 2.5(b).
However, as beta emitting nuclides produce a spectrum of energies (Figure 2.7) it is
difficult to analytically determine a stopping power or range for a specific beta source
using equation 2.4. As demonstrated in Figure 2.6, low energy beta particles will be
rapidly absorbed, where as higher energy particles will have a lower rate of energy loss.
Instead, it is often more convenient to consider the attenuation of beta particles as they
pass through matter, which follows the exponential form predicted by equation 2.6 [65],
I = I0e
−µβxt (2.6)
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(a) The density normalised stopping power against electron
energy in air [64] as a function of coulombic and radiative
losses.
0 . 0 1 0 . 1 1 1 0 1 0 0 1 0 0 01 E - 3
0 . 0 1
0 . 1
1
1 0
1 0 0
 -1 
. dE
E i  ( M e V )
 S i C P b A i r
(Me
V.c
m2 /
g)
ρ 
 
 
dx
(b) The density normalised stopping power against electron
energy in Si, C, Pb and Air [64].
Figure 2.5: Theoretical beta stopping powers.
where I and I0 are the measured and initial count rate respectively. In this expression
xt is the true mass thickness (in mg/cm
2) and µβ is the mass absorption coefficient of
the material (in cm2/mg).
The value of µβ is dependent upon both the Z number of the absorbing material
and the end point energy of the incident beta radiation (Emax in MeV). It is common
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Figure 2.6: Theoretical range of beta particles in Si, C, Pb and Air as a function
of energy [64].
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Figure 2.7: Theoretical beta emission intensity of a 90Sr/90Y source [17], with
Emax of 0.546 MeV and 2280 MeV respectively.
to determine this value empirically and several methods have been analysed by Gu¨rler
and Yalc¸in [67], with the following formula from Baltakments [68] providing reasonable
agreement with experimental and other theoretical values,
µβ ≈ 0.008Z0.28E(Z/160)−1.57max (2.7)
Using Equations 2.6 and 2.7, it is therefore possible to estimate the amount of
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beta particles absorbed, and therefore detected, within a material of given thickness,
as shown in Figure 2.8.
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Figure 2.8: Theoretical transmission intensity of 90Sr (Emax = 0.546 MeV) and
90Y (Emax = 2280 MeV) beta particles [17] traversing Si, C, Pb and Air of
thickness x.
2.3 Photons
Gamma and X-ray radiation (colloquially referred to as ionising photons within this
document) are chargeless and do not directly create ionisations or excitations as
they traverse matter. Stopping photons within a material instead relies on localised
interactions of the incident photons with the atoms or orbital electrons of that material.
These interactions lead to some or all of the photon energy being transferred to the
atom, resulting in an absorption or deflection of the incident photons rather than
a continuous deceleration, as found in charged particle interactions. The resultant
transfer of energy to the atom also leads to an emission of a secondary particle which
itself may cause ionisation within the material. The predominant processes by which
X-ray and gamma-ray photons interact with matter are; Photoelectric Absorption,
Compton Scattering and Pair Production. The significance of each process is dependent
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Figure 2.9: The relative importance of the three main types of photon interactions
with matter as a function of photon energy (Eγ) and Z number, reproduced
from [65].
upon both the energy of the incident photons (Eγ) and the atomic number (Z) of the
material through which they are travelling, as depicted in Figure 2.9.
At higher energies, usually in the order of >2 MeV, direct nuclear reactions also
start to become significant, leading to the emission of highly ionising, heavy charged
particles or neutrons, as shown in Table 1.4. However, the photon energies used within
this investigation fall under these limits and as such these reactions have not been
discussed further.
Photoelectric Absorption
Photoelectric Absorption occurs when an incident photon interacts with an atom of the
matter through which it is traversing and is fully absorbed. This process results in the
emission of an electron from one of the bound electron shells of the absorber material.
This photoelectron is ejected from the atom with an energy (Ee) given by [65]
Ee = hf − Φ
where h is Planck’s constant, f is the frequency of the photon and Φ is the binding
energy of the photoelectron in its original shell. The process is predominant for lower
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(b) Total photon mass attenuation coefficients for silicon, carbon,
silicon carbide and lead.
Figure 2.10: Photon mass attenuation coefficients (µ/ρ) against incident photon
energy (Eγ), taken from XCOM NIST photon cross section database [69].
energy photons and is enhanced for absorber materials with high atomic numbers. The
probability of photoelectric absorption (τγ) is approximately given by
τγ ∝ Z
no
E3.5γ
(2.8)
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where the exponent n0 varies between 4 and 5 over the photon energy region of
interest [65].
Compton Scattering
In Compton Scattering, incident photons interact with the orbital electrons of the
absorbing material. When this occurs the photon is deflected by an angle θ and transfers
a portion of its energy to the electron, which may then be emitted from the atom with
an energy (Ee) given by [65],
Ee = Eγ − E′γ (2.9)
where Eγ and E
′
γ are the energies of the photon (Eγ = hf) before and after the
interaction, respectively. Due to the conservation of energy and momentum, it is
possible to derive an expression for the scattered photon energy in terms θ,
E′γ =
Eγ
1 +
Eγ
mec2
(1− cosθ)
(2.10)
where mec
2 is the rest mass energy of the electron, equal to 0.511 MeV.
As Compton Scattering interactions occur between the incident photons and the
electrons of the absorber material, the probability of Compton Scattering (σγ) increases
linearly with the atomic number (Z).
σγ ∝ Z (2.11)
Pair Production
In the Pair Production process, the incident photon is absorbed within the intense
coulombic field near to the protons of the absorbing atoms and converted into an
electron-positron pair. This is only energetically possible when the photon has an
energy at least equal to the rest mass energy of the electron-positron pair (2mec
2 =
1.02MeV). Any excess energy the photon has is shared between the electron and
positron as kinetic energy, hence [65]
Ee− + Ee+ = Eγ − 2m0c2
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The magnitude of the Pair Production probability (κγ) can be approximated by
equation 2.12, which demonstrates the importance of the process for high energy gamma
rays and large atomic numbers.
κγ ∝ EγZ2 (for Eγ > 1.02MeV) (2.12)
Photon Attenuation
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Figure 2.11: Photon intensity ratio (I/I0) against material thickness for 1.25MeV
photons in silicon, carbon, silicon carbide and lead, calculated from [69].
When photons traverse matter the combined probabilities of each interaction
process will dictate the number which are successfully transmitted without loss,
µ = τγ + σγ + κγ + ... (2.13)
µ is the linear attenuation coefficient, which describes the probability per unit path
length that an incident photon is removed. Normalising µ to the density of the material
(ρ) gives the mass attenuation coefficient (µ/ρ) which takes into account the physical
state of the absorbing material.
The attenuation coefficient of a material relates the number of photons incident on
an absorber (I0) to the number of photons transmitted through it (I) by the Beer-
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Lambert law [65],
I = I0e
(−µ/ρ)·ρx (2.14)
where x is the thickness of the absorber. As each of the constituent probabilities of
µ are dependent on both the energy of the incident photon and the type of absorber
material (Z), µ is therefore a characteristic property of a material that varies with the
energy of photons incident upon it, as demonstrated in figures 2.10(a) and 2.10(b).
2.4 Neutrons
The chargeless nature of neutrons means that stopping them can be quite challenging,
certainly when compared to the traditional techniques used for charged particles.
Furthermore, unlike photons, which are also chargeless, they generally do not interact
with the electrons of the absorber material or within the intense electric fields near the
nucleus, instead relying on direct interactions with the nucleus. As the spacing between
nuclei is large, this can result in neutrons travelling relatively far through most absorber
materials without any interactions or detection.
The probability of an interaction with a nucleus per unit path length is dependent
upon the nuclei of the medium through which a neutron is traversing and the incident
neutron energy. This probability is given by the cross section (σ) and is measured in
units of barn or b (10−28m−2). The cross section is specific to the incident particle,
material and type of interaction processes, as demonstrated in Figure 2.13(a).
The magnitude of neutron energies used in common industrial or health-physics
application is very extensive and can range from around 0.025eV (for a moderated
sources) up to 100MeV (for high altitude or space environment applications). A number
of categories are given to different energy bands over this range (see Table 2.1), but
for the discussions about the primary interaction processes it is often convenient to
separate the energy range into two overall designations; slow neutrons (<100keV) and
fast neutrons (>100keV).
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Band Energy Range
Cold <0.025eV
Thermal 0.025eV
Epithermal 0.025eV ∼ 1eV
Slow 1eV ∼ 100keV
Fast 100keV ∼ 10MeV
Table 2.1: Common designations for different neutron energy bands [70].
2.4.1 Slow Neutron Interactions
Figure 2.12: Neutron nuclear reactions. The absorption and subsequent loss of a
neutron results in the production of secondary particles.
Elastic scattering and neutron-induced nuclear reactions represent the most signif-
icant types of interaction between slow neutrons and matter. However, as the energy
of slow neutrons is small, elastic scattering does not generally lead to the creation of
detectable secondary particles and, as such, is not generally relied upon in the detection
of this types of neutron. Instead, it is a key mechanism of reducing the energy of
the incident neutrons and bringing them into thermal equilibrium with the absorber
material, which at room temperature is about 0.025eV (thermal neutrons), as shown
in Figure 2.13(a).
The primary method of slow neutron detection is through neutron-induced nuclear
reactions, where the neutron is fully absorbed by the nucleus and detectable secondary
particles are emitted. The most common materials used for the active detection of slow
37
2 - Radiation Interactions
1 E - 1 1 1 E - 9 1 E - 7 1 E - 5 1 E - 3 0 . 1 1 00 . 1
1
1 0
1 0 0
1 0 0 0
1 0 0 0 0
1 0 0 0 0 0
1 0 0 0 0 0 0
σ
 (b)
N e u t r o n  E n e r g y  ( M e V )
 T o t a l   A b s o r p t i o n E l a s t i c
(a) Elastic, absorption and total neutron cross sections for 6Li.
1 E - 1 1 1 E - 9 1 E - 7 1 E - 5 1 E - 3 0 . 1 1 00 . 1
1
1 0
1 0 0
1 0 0 0
1 0 0 0 0
1 0 0 0 0 0
1 0 0 0 0 0 0
σ
 (b)
N e u t r o n  E n e r g y  ( M e V )
 S i C 2 0 8 P b
 3 H e
 1 0 B
 6 L i
 A i r
(b) Total neutron cross sections for silicon, carbon, lead-208,
Helium-3, Boron-10, Lithium-6 and Air.
Figure 2.13: Neutron cross sections (σ) against neutron energy (En), taken from
NIST neutron scattering lengths and cross sections database [71], KAERI ENDF
Cross section data [72] and BNL National Nuclear Data Center [73].
neutrons, through this type of interaction mechanism, are 3He, 6Li and 10B, summarised
in Table 2.2. Several other materials with suitable thermal neutron cross sections (σt)
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can also be used in a similar fashion, but their reaction products are often less desirable,
have a delayed emission (passive detection) or their nuclei are initially radioactive
themselves [65].
Reaction Q-value Branching σt
(MeV) (b)
10
5 B +
1
0n → 73Li (1.105MeV) + 42α (1.777MeV) 2.792 6% 3840
7
3Li*(0.840MeV) +
4
2α (1.470MeV) 2.310 94%
6
3Li +
1
0n → 31H (2.73MeV) + 42α (2.05MeV) 4.78 100% 940
3
2He +
1
0n → 31H (0.191MeV) + 11p (0.573MeV) 0.764 100% 5330
Table 2.2: Common slow neutron-induced nuclear reactions, showing reaction
products and their respective energies [74]. σt is the thermal neutron cross section
for the reaction [71]. For the B-10 process, the excited lithium nucleus (73Li*)
rapidly returns to it ground state (half-life ∼ 10−13s) with the emission of a 480
keV gamma ray. [65]
These materials are often used as either convertor layers (eg. in ionisation chambers)
or as dopants (eg. in scintillators) to aid neutron detection. Both these techniques
require careful design, as thick conversion layers will attenuate their own reaction
product before it can be detected and large doping concentrations may affect the
ability of the original material to detect the reaction products. They also suffer
from reduced maximum efficiency due to the combination of successive interaction
probabilities, which is a result of the indirect nature of the conversion-detection process
(i.e. σ(neutron interaction) + σ(secondary particle escape) + σ(secondary particle
interaction)). McGregor et. al. present an extensive discussion on these factors in [74].
Although the reaction products of He-3 have very low energies, He-3 is the most
commonly used material for slow neutron detection. Its great advantage is its relatively
large thermal neutron cross section and its gaseous state, which allows it to be used in
proportional counters as a direct slow neutron detector (ie. the products are detected
in the convertor material). However, from 2005 and up until the time of writing, He-3
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has been in a global shortage crisis, with supply for detection purposes on a serious
decline [75] making it unsuitable for future applications.
2.4.2 Fast Neutron Interactions
Figure 2.14: Neutron elastic recoil interactions. The collision of a neutron with a
nucleus results in a transfer of energy from the neutron to the nucleus, resulting
in a loss of energy and change of direction for the neutron, as well as a gain of
energy and movement for the nucleus.
It can be observed from Figure 2.13(a) that the nuclear reaction cross-section drops
rapidly as the energy of the neutrons increases. In most materials this relationship
is generally proportional to 1/v (the reciprocal of the neutron velocity) until around
100keV, where resonance reactions may start to take place for some materials and the
cross section may increase again. Therefore, at specific fast neutron energies, neutron
absorption with the emission of a secondary particle is again possible, as shown in
Table 2.4. However, by far the more common method of fast neutron detection utilises
elastic recoil scattering.
For elastic scattering the incident neutron (n) transfers a portion of its kinetic
energy to the absorbing material through direct collisions. This results in a change of
direction and energy for the incident neutron, essentially making it a ‘scattered’ neutron
(n’), as well a gain of energy and movement for the nucleus (recoil). If the energy
transferred to this recoil nucleus is such that its velocity is greater than that of its orbital
electrons, it will lose those electrons and move through the medium as a heavy charged
particle. The Q value (the amount of energy required or released for the reaction)
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for this interaction is 0 as conservation laws dictate that the energy reaction products
(recoil nucleus and scattered neutron) must be the same as the incident particle.
From [76], when a neutron with nonrelativistic energy (En  939MeV) is incident
upon target, conservation of momentum and energy in the centre-of-mass coordinate
system dictates that the energy of the recoil nucleus (Er) is,
Er =
4A
(1 +A)2
(1− cosΘ)En (2.15)
where A is the mass number of the target and Θ is the scattering angle of the incident
neutron. Under the assumption that the target nuclei are at rest and converting to the
laboratory frame of reference, the recoil angle of the nucleus (θ) is given by,
cosθ =
√
1− cosΘ
2
making Equation 2.15 change to
Er =
4A
(1 +A)2
(cos2θ)En (2.16)
From Equations 2.15 and 2.16 it is clear that the maximum transfer of energy occurs
when the scattering angle of the incident neutron is 180◦ or the recoil angle of the
nucleus is 0◦. Furthermore, the transfer of energy is further maximised when the mass
of the absorber nuclei is small, as demonstrated in Table 2.3.
For this reason, low Z materials are often used as fast neutron absorbers, of which
hydrogen, often in the form of water (H2O) or plastic (-CH2-), is by far the most
popular. These low Z materials can be used for direct detection (such as proton
recoil detectors) or for conversion detection (hydrogenous convertor layer producing
detectable recoil protons), although conversion based detectors again suffer from a
reduced maximum efficiency due to combination of successive interaction probabilities
and self-attenuation.
However, in reality it is unlikely that all the interactions would produce scattered
neutrons or recoil nuclei at these ‘optimum’ angles. Therefore from Figure 2.15 it would
be expected that the average energy transferred will be less.
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Target A ErEn
1
1H 1 1.00
3
2He 3 0.75
12
6C 12 0.284
16
8O 16 0.221
28
14Si 28 0.133
Table 2.3: Maximum neutron elastic scattering energy transfer ratio (Er/En) for
various target materials of mass number A, assuming θ=0◦ in Equation 2.16.
Reproduced from [65].
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Figure 2.15: Energy transfer ratio (Er/En) against angle of recoil nucleus.
Neutron Attenuation
When considering the penetration depth of a neutron, one must consider the cross-
section of interaction with the material’s nuclei (σ). However, the probability of
interaction is clearly increased if the nuclei of the material are close together (i.e. large
density), hence a more convenient measure of interaction probability is the macroscopic
cross section (Σ) which takes into account the physical state of the material [65],
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Σ = Nσ (2.17)
N is the number density, representing the number of nuclei per unit volume. Analogous
to photons, the total probability is a combination of each of the individual process
probabilities (e.g. absorption, elastic),
Σtot = Σabsorption + Σelastic + . . . (2.18)
As such, for a specific neutron energy, the number of neutrons transmitted (I) through
a material of thickness x can be given by,
I = I0e
−Σtot·x (2.19)
where I0 is the initial number of neutrons incident upon the material, as demonstrated
in Figure 2.16. It should be noted however that this is very much an idealised
relationship as mono-energetic neutrons fields are usually only found in low scatter
specialist laboratories such as the UK National Physical Laboratory (NPL). A
standard neutron field, particularly for radionuclide sources, consist of fast and thermal
components, all of which are dependent on shielding and the exposure surroundings.
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Figure 2.16: Neutron intensity ratio (I/I0) against material thickness for 4.5
MeV neutrons in silicon, carbon, lead and air calculated from[71][72][73].
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Reaction 14MeV Neutron Reaction Energy Q-value Branching
Cross-section Threshold
(b) (MeV) (MeV) (MeV)
12C(n,n’)12C 0.2106 - 0 -
12C(n,n’)12C+2 0.2106 4.8088 -4.4389 -
12C(n,α)9Be 0.0623 6.4196 -5.7012 α0 = 8.298
α1 = 6.614
α2 = 5.869
12C(n,n’)3α 0.2000 8.4286 -7.3666 -
12C(n,p)12B 0.0002 13.7401 -12.5865 α0 = 1.413
α1 = 0.460
28Si(n,n’)28Si 0.1244 - 0 -
28Si(n,n’)28Si+2 0.1244 1.8425 -1.7790 -
28Si(n,α)25Mg 0.1780 2.7653 -2.6537 α0 = 11.34
α1 = 10.76
α2 = 10.37
α3 = 9.734
α4 = 9.381
α5 = 8.544
α6 = 7.941
α7 = 7.932
α8 = 7.438
α9 = 7.375
α10 = 7.286
α11 = 7.069
α12 = 6.986
28Si(n,p)28Al 0.2794 4.0042 -3.8599 α0 = 10.14
α1 = 10.11
α2 = 9.167
α3 = 9.126
α4 = 8.767
Table 2.4: Fast neutron nuclear reactions within Si and C, taken from [72], [73]
and [77]. Values α0, α1...αn represent the ground to excited states of emission.
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3.1 Semiconductor Band Structure
The ability of semiconductors to detect radiation is fundamentally a product of the
structure of the material. The atoms within most semiconductor materials are arranged
in crystalline structures where they form three-dimensional arrays arranged in periodic
fashion throughout the structure.
(a) Diamond lattice. (b) Zincblende lattice.
Figure 3.1: Crystalline unit cell structures, reproduced from [40].
Each three-dimensional array is known as a unit cell and is representative of all
the cells throughout the structure (or lattice). For monatomic semiconductor materials
such as diamond and silicon, the common structure of the unit cell is a diamond lattice
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in which each atom is joined to four equidistant neighbours via covalent bonds (each
atom shares an electron in each bond) as shown in Figure 3.1(a).
For polyatomic semiconductors such as SiC, a common formation is the zincblende
lattice, where the Si and C atoms are found at alternate locations inside the unit cell
so that each Si atom has exactly four C atoms and vice versa, as demonstrated in
Figure 3.1(b).
However, additional complexity exists within SiC as the unit cells can be described,
not only by cubic structures (C), but also hexagonal close packing schemes (H).
The variation in the way these different types of unit cells can be stacked results
in a significant number of polytypes of the material, with Wijesundara and Azevedo
reporting over 200 [42].
(a) One double layer of hexagonally close
packed atoms.
(b) Common SiC crystal polytypes. Each
colour represents a different bond structure.
Figure 3.2: SiC unit cell structures, reproduced from [78].
Each layer (or basal plane) can simplistically be considered a planar sheet of Si
atoms coupled to C atoms, as shown in Figure 3.2(a). The orientation of each of these
bilayers however, leads to multiple combinations of the overall unit cell, as demonstrated
in 3.2(b). Within this diagram the 3C polytype represents a structure which repeats
every three cubic bilayers, where as the 4H represents a hexagonal structure which
repeats every 4 bilayers.
The key to the semiconductor characteristics comes about when the quantum
structure of each individual atom is combined with the real-world lattices described
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above. In short, quantum theory dictates that the orbital electrons of an atom exist
either in, or are capable of being excited to, discrete energy levels. When these atoms
are brought closer together, as would be the case in a solid structure, these energy
levels begin to overlap and interact as shown in Figure 3.3.
When the energy levels overlap very closely, a seemingly ‘continuous’ band of
potential excited states is created, where electrons with sufficient energy are able to
move freely, also called the conduction band. Similarly a ‘continuous’ band of lower
energy states, known as the valence band will also be created in which unexcited
electrons will be bound.
Figure 3.3: The formation of energy bands in silicon as a function of lattice
spacing between atoms, reproduced from [40] and [79].
These two bands are separated by a region called the band gap where no energy
levels, and therefore electrons, can exist. The size of this band gap (Eg) essentially
dictates the ease by which electrons can be excited from the valence band to the
conduction band and as such describes the electrical properties of the material.
Insulators are usually considered to have band gaps greater than 5eV [65] and
semiconductors are usually less than this, although it’s worth noting that the band gap
of diamond is 5.5eV and these limits are therefore somewhat arbitrary. In conductors
electrons can freely move as the conduction and valence band essentially overlap.
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3.2 Generation of Charge Carriers
When an electron gains enough energy to be excited from the valence band into the
conduction band, an electron vacancy is created within the valence band known as a
hole, which itself can be considered almost a ‘virtual particle’ with positive charge. Even
in the absence of external sources of excitation (light, radiation, etc) these electron-
hole pairs will be created within a semiconducting material at any temperature greater
than 0K. The total number of electron-hole pairs which can be created within an ideal
material at a given temperature (T ), known as the intrinsic carrier concentration (ni),
is given by [79][80],
ni = KsT
3/2exp
(
− Eg
kT
)
(3.1)
where Ks is given by
Ks = 2
(
2pimck
h2
)3/2
(3.2)
with mc equal to the effective mass of the respective charge carrier.
As Eg is dependent on the spacing within the lattice, the intrinsic carrier
concentration is therefore fundamentally a characteristic of that material.
If additional energy is introduced into the material, for example through radiation,
it may be possible to create further electron-hole pairs. Although the band gap
represents the minimum amount of energy required to create an electron-hole pair, the
average amount of energy required is usually greater than Eg. When ionising radiation
traverses a semiconductor material, some of its energy is also lost in the creation of
phonons (lattice vibrations) and as such, it is more relevant to consider the average
energy required per electron-hole pair, the W -value, which for most semiconductors is
approximately 2-3 times that of Eg [81].
W is again a material dependent quantity, although there are small variations with
energy and radiation type. The key factor for semiconductors is that this value is
significantly lower than most common detector alternatives. For example in Si, W is
3.6eV [38], compared to the equivalent 26eV for argon gas (commonly used in ionisation
chambers). Where as in scintillator detectors the energy required to create a charge
carrier equivalent (a photoelectron) is in the order of 100eV or more when considering
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conversion inefficiencies in the whole detection system [65].
3.3 Signal Generation
If an electric field is applied across any semiconducting material, the created electron-
hole pairs will migrate through that material in opposite directions, leading to a
potentially measurable conductivity. For the simplified geometry of a semiconducting
material sandwiched between metallic electrodes, as depicted in Figure 3.4(a), the
electrons and holes will drift through the material with a velocity (~v) proportional to
the applied electric field ( ~E),
~ve = µe ~E (3.3)
~vh = µh ~E (3.4)
where µe and µh are the characteristic electron and hole drift mobilities for a given
material [65]. At higher field strengths this relationship becomes non-linear and
eventually the velocity saturates such that further increases in field strength no-longer
increase the drift velocity.
The addition of the electric field ensures that any free charge carriers created are
removed from the bulk of the material, with a net movement of electrons to the anode
and holes to the cathode. In ‘non-ideal’ materials this results in an area of low space
charge density within the detector called the depletion region. This region effectively
acts as the sensitive volume of the detector, as any excited electron-hole pairs created
here are rapidly removed, registering a measurable current.
In doped detectors, where non-bulk material impurities are added, the creation of
the depletion region also leads to the accumulation of net charge by each electrode.
Subject to the direction of the applied field, this build up of space charge can act to
either allow current to flow or to block the flow of charge carriers. The latter acts to
enhance the detection capabilities of a semiconductor by ensuring only electron-hole
pairs created through external excitation produce a measurable pulse.
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(a) Parallel electrode semiconductor detector.
(b) The weighting potential.
Figure 3.4: Geometry for a simplified parallel electrode semiconductor detector
and the weighting potential of the corresponding anode. The signal components
of the weighting potential from the electrons and holes have also been illustrated.
Adapted from [82].
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3.3.1 Induced Charge
As soon as a charge carrier pair is created in a region under the influence of an electric
field, the charge carriers will induce a surface charge (Qi) on the respective electrodes.
This relationship can be described by,
Qi = qVw (3.5)
as proposed by both Shockley [83] and Ramo [84]. Similarly the induced current on
the electrodes (i) is given by,
i = q~v · ~Ew (3.6)
where Vw and ~Ew are the weighting potential and weighting fields respectively. These
two factors are dependent on the field present, but in the case of the simplified geometry
depicted in Figure 3.4(a) these can be reduced to [83],
∆Q = q
∆x
d
(3.7)
i(t) =
q
d
v (3.8)
Originally Shockley and Ramo proposed these relationships for calculating induced
charge within vacuum chambers, but the principles have widely been shown to transfer
to semiconductors [82][85].
3.3.2 Charge Collection
As charge carriers traverse a semiconductor some recombination or trapping with
impurities and defects within the material may occur. If any of the charge carriers
are delayed (through trapping) or lost (through recombination), the induced charge on
the electrodes will be incomplete and the resultant signal pulse reduced. The ability of
a detector to fully complete the collection of created charge is a measurable quantity
simply given by its charge collection efficiency (CCE),
CCE =
Qc
Q0
(3.9)
where Qc and Q0 are the amount of charge collected and created respectively.
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CCE is very much an operational quantity as it is dependent upon the applied
electric field strength. As per Equations 3.3 and 3.4, small fields lead to a slow
movement of charge carriers and therefore increased probability of trapping or
recombination, where as larger fields reduce the probability. As such it is more
convenient to consider the mobility lifetime product of electrons (µeτe) and holes (µhτh)
as a characteristic property of that material.
The mobility lifetime product for each respective charge carrier is a combination of
the mobility (µ) within the material and the mean carrier lifetime (τ), that being the
period of time the created carriers can travel before they are trapped. It is therefore
possible to redefine Equations 3.3 and 3.4 in terms of the mean drift length (λ),
λe=µeτeE (3.10)
λh=µhτhE (3.11)
as essentially v = λ/τ , if it is assumed that v is constant throughout the material. This
quantity, which is strongly dependent upon µτ , is extremely important in determining
the quality of a material as λ needs to be equal to or greater than the sensitive region
of the detector in order to approach 100% CCE, i.e. the charge carriers must be able
to travel the distance between electrodes in order to be fully collected by them.
As proposed by Hecht [86], for the simple case of electrons passing through a parallel
electrode geometry (Figure 3.4(a)), λ can be determined via [65],
CCE =
λe
x
[
1− exp
(
xi − x
λe
)]
+
λh
x
[
1− exp
(
− xi
λh
)]
(3.12)
where x is the detector thickness and xi is the distance the electrons must travel to the
anode. In Equation 3.12 it is assumed that the electric field is constant throughout the
detector, which is a reasonable assumption for this simplified geometry.
In situations where the interaction depth of the radiation incident upon the anode is
small compered to the thickness of the detector (xi  x), for example alpha radiation,
this expression can be simplified to,
CCE =
λe
x
[
1− exp
(−x
λe
)]
(3.13)
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Similarly if the detector is irradiated from the cathode side (xi = x) the equation
becomes,
CCE =
λh
x
[
1− exp
(−x
λh
)]
(3.14)
and as such the mobility lifetime product of the electrons (µeτe) and holes (µhτh) can
be independently determined.
3.3.3 Pulse Processing
In most ‘standard’ radiation applications1, the induced current within the semiconduc-
tors is very small, certainly when considering Equation 3.7 for detectors in the order of
hundreds of µm thick. Subsequently any radiation induced signal needs to be amplified
in order to give a useful output. The most common method for semiconductor detectors
is with a charge-sensitive preamplifier as shown in Figure 3.5(a).
The output of this circuit is a more measurable voltage pulse (Vout) compared to
the original induced charge on the electrodes as per [80],
Vout = −
(
Qi
Cf +
[Cd+Ci+Cf
A
])
where Cf is the feedback capacitance. Cd and Ci are the capacitive load of the detector
and amplifier respectively. When the amplification (A) is large the expression becomes,
Vout ∼= −Qi
Cf
This pulse also exists over a longer period than the charge produced within
the detector. Due to their relatively small size and high charge carrier mobility,
semiconductors are one of the fastest responding detectors available, with most capable
of intrinsic signal pulses in the order of several ns. As such the rise time of the
preamplifier pulse is very fast. However the decay time of the signal pulse following a
preamplifier is dependent on the feedback resistance and capacitor values (RfCf ). In
simple terms, large RfCf values usually result in large amplification with long decay
1Very high flux (>Sv) and energy (MeV) radiation fields produce significant amounts of
electron-hole pairs.
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(a) Charge sensitive preamplifier adapted from [80].
(b) Illustration of the principles of pulse pile-up following amplification
adapted from [65].
Figure 3.5: Illustration of a charge sensitive preamplifier and the corresponding
pulse output.
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times, where as small RfCf values usually result in small amplification with short decay
times.
If the speed of pulse creation is faster than the decay of the pulse, for example a
detector in high flux radiation field, the created pulses start to overlap, as demonstrated
in Figure 3.5(b). This can result in pulse pile up where, for example, two signal pulses
are registered as one large pulse or only one of the two signal pulses is registered.
Effectively this results in ‘lost’ information of the two pulses and potentially the
‘incorrect’ information for the registered pulse.
In reality there is often a trade-off between large amplification of small detector
signals (a sensitive detection system) or rapid detection in intense fields (fast / high
energy detection).
3.4 Metal-Semiconductor Contacts
In order to apply an electric field (bias) to the semiconductor detector and read
the subsequent signal pulse, some form of physical connection must be made to the
electronics. More often than not, this requires a metallic contact to be applied to
the surface of the material in order to act as the electrodes. This process is a very
important step in the fabrication of a detector as it can make the difference between a
high precision detector and an unusable one.
Many considerations must be made during the contact process, for example the
detector must be clean, free from contamination or particulates [78]. The adhesion
technique must be sufficient to ensure the contacts stay attached to the surface, but
not damage the material in the process. If the metallic contact has sharp corners, burrs,
oxidises or even migrates into the semiconductor structure, the quality or performance
of the detector may be effected.
One of the first and most important considerations is whether the contact material
will actually adhere to the surface. Certainly for hard, inert materials like diamond,
which have strong lattice bonds, this has previously been an issue. In recent years
however, it has become more common to apply a thin layer of diamond-like carbon
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(a) Thermal equilibrium. (b) Forward bias. (c) Reverse bias.
Figure 3.6: Current flux (J) transport in a metal-semiconductor junction, adapted
from [40]. The charge carrier concentration of the metal and semiconductor are
given by nm and ns respectively. The valence and conduction band energy levels
are Ev and Ec.
(DLC) prior to a metallic contact [87]. This material, which is essentially amorphous
carbon, is capable of forming the necessary bonds with the diamond substrate, while
also providing suitable conditions for metallic adhesion of high work function noble
metals (such as platinum or gold).
The work function (qφm) of a metal, the energy required to excite an electron from
the metal to the vacuum level (a physical and energetic state outside of the material)
is equivalent to the electron affinity (qχ) within a semiconductor. The combination
of these values gives the barrier height (qφb) of the metal-semiconductor contact,
essentially an energy threshold which carriers must overcome to cross the boundary
of the two materials [80].
qφb = qφm − qχ (3.15)
Furthermore, the Fermi levels, the energetic level at which the occupation probability
of an electron is one-half, must be equal at thermal equilibrium, as depicted in
Figure 3.6(a) [80]. For metals, the Fermi level is within the conduction band as there is a
high probability of electrons being present there. For semiconductors this usually exists
in the band gap, the location of which determines how ‘noisy’ that semiconductor may
be at given temperatures (i.e. closer to Eg, more likely for electrons in the conduction
band).
How these properties combine with the semiconductor material and its doping
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is very important in selecting the correct material combinations for the contacts.
Contacts which use metals that result in a large barrier height (often on low doping
concentration semiconductor) are called Schottky barriers [40]. When a reverse bias
is applied to these detectors, the barrier height increases, essentially reducing the flow
of carriers from the semiconductor to the metal by creating a space charge barrier as
demonstrated in Figure 3.6(c). When a forward bias is applied the barrier height is
reduced, essentially increasing the flow of carriers from the semiconductor and creating
a closed circuit 3.6(b).
Ohmic contacts on the other hand result in small barrier heights (often on high
doping concentration semiconductors) and subsequently a very low contact resistance
(ρc) [40]. So the flow of carriers across the metal-semiconductor contact is more likely.
Ohmic Schottky
Majority Doping ρc qφb
Metal Polytype Carrier Surface (cm−3) Process (Ωcm2) Process (eV) η
Ni 4H n Si 1.1×1019 950◦C, 30min 7.5×10−6 [88] 20◦C 1.30 1.21 [89]
1×1019 1000◦C, 5min 1.5×10−5 [90] 122◦C 1.40 1.12
255◦C 1.50 1.12
p Si - 1.31 1.29 [91]
n Si - 1.59 1.59 [91]
n Si - 1.62 1.2 0 [92]
C - 1.60 [92] -
Ti 4H n Si 20◦C 0.80 1.15 [89]
122◦C 0.85 1.10
p Si >1020 950◦C 8×10−4 [90] - 1.94 1.07 [91]
n Si - 0.95 [92] -
C - 1.16 [92] -
TiW 4H n Si 1.3×1019 950◦C, 30min 2-6×10−4 [93] - 1.22 1.05 [94]
500◦C 1.18 1.10
p Si 6×1018 950◦C, 30min 1.2×10−4 [93] - 1.41 3.11 [94]
500◦C 1.91 1.08
Table 3.1: Review of SiC ohmic and Schottky contact properties for several
materials, taken from a compilation of published material presented in [78]. ρc
is the contact resistance, qφb is the contact barrier determined through current-
voltage measurements and η is the ideality factor (Appendix A).
The metal-semiconductor contact properties are also dependent upon the method
of application, treatment and even what surface they are added to in polyatomic
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semiconductors [78]. For example, sputter deposited Ni will naturally form a Schottky
barrier contact with SiC. If annealed to 900-1000◦C however, the Ni will react with the
Si to form Ni2Si, resulting in an Ohmic contact as shown in Table 3.1 [95]. Furthermore,
for Schottky barrier contacts annealing at lower temperatures (≈500◦C) improves the
long term stability of the contact, reduces noise and improves the ‘quality’ of the
Schottky contact [78], represented in Table 3.1 with the ideality factor (η) discussed in
Appendix A.
3.5 Leakage Current
Even in the absence of external stimuli, conductivity will be present in semiconductors
when an electric field is applied. Several factors can dictate the magnitude of this
intrinsic conductivity or leakage current. One significant factor is clearly the intrinsic
carrier concentration present in the material at a given temperature, dictated by
Equation 3.1, but beyond that, practical considerations such as the cleanliness of the
detector and the quality of the contact can effect the leakage current [65].
Furthermore, as discussed in Section 3.1 the contact itself can dictate the level of
leakage current. In Figure 3.7 for example, an ideal Schottky barrier detector will
essentially block the flow of current in one direction (negative bias) and allow it to
freely flow in the other (positive bias) [40]. An ideal Ohmic detector would likely have
a symmetrical response for both bias polarities but with a larger leakage current relative
to a Schottky blocking contact on the same semiconductor material (assuming the bias
is <Vb and <Vc) [40].
The leakage current of a detector adds to the background noise of the detection
system2 and acts as an obstacle with which the radiation induced signal pulse must
compete in order to be detected. The leakage current must be kept as low as possible
in order for the detector to give a highly resolved signal, with currents in the order of
nA generally being considered suitable for the good detection properties [65].
The magnitude of the leakage current within a material can be quantified by
2The bias and readout electronics also contribute to the background noise
58
3 - Semiconductor Detectors
Figure 3.7: Current (I) versus voltage (V) for a semiconductor detector with
Schottky and Ohmic contacts. Vb is the breakdown voltage, the bias at which
electrical breakdown occurs, where as Vc represents the conductivity voltage, the
bias at which the current flows freely.
measuring the resistivity (ρe) of the material, effectively the level of resistance the
material has in order to oppose the flow of intrinsic current. This is achieved by
applying a straight line fit to the current-voltage measurements, typically in a region
on or around the 0V mark.
Subject to the device fabrication processes and materials used, this region gives the
best representation of the bulk resistivity of the material. At higher biases it is possible
that the surface impurities and the contact materials dictate the resistivity measured
as a result of variations in the space charge region across an interfacial layer between
the semiconductor and the metal contact [96][97]. The work of Bolotnikov et al. has
shown that this region subtends ±1V in CZT semiconductor detectors [96][97], but the
concept can be applied to other high resistivity materials as well.
From the straight-line fit of the current-voltage relationship, the gradient (m) can
then be related to the resistance (R) of the material through equation,
m =
1
R
=
Ic
V
(3.16)
where Ii is the measured current as a function of applied bias V . As the resistance is
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related to the resistivity of a material through,
ρe =
Ra
x
(3.17)
the resistivity of a semiconductor detector can be given by,
ρe =
a
mx
(3.18)
where a is the area of the contact and x is the thickness of the detector. This
equation assumes that the leakage current is 0A at 0V bias and that the detector
is a simple parallel electrode detector, as demonstrated in Figure 3.4(a). In reality this
is not always the case when measuring fully fabricated detectors (rather than just the
material), due to variations caused by fabrication and slight offsets in the measuring
equipment at the very low currents measured. However, even in these circumstances
Equation 3.18 still operates as a good and simple figure-of-merit check for the quality
of the material.
3.6 Capacitance
The creation of the depletion region leads to an impedance (Zi) within the semiconduc-
tor material which inhibits the flow of charge carriers. This impedance can lead to a
build up of charge on either side of the depletion junction and make the semiconductor
exhibit properties akin to a charged capacitor.
The magnitude of the capacitance is very much dependent on the magnitude of
impedance (Zi ∝ 1/C [98]) which itself is dependent upon the depth of the depletion
region (xdet) as given in Equation 3.19 [65],
C
a
=
0
xdet
∼=
(q0Ni
2V
)1/2
(3.19)
where 0 is the permittivity of free space,  is the dielectric constant of the
semiconductor material, a is the contact area and Ni is the concentration of impurities.
Therefore if the applied bias is increased, the depletion region extends and effectively
‘liberates’ the build up of charge on either side of the depletion region, thus reducing
the capacitance in the semiconductor as can be seen in Figure 3.8.
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Figure 3.8: Capacitance voltage relationship of a commercial silicon photodi-
ode [99]. Here, Vr represents the reverse bias and f the frequency.
3.7 Charge Trapping
Up to this point within the chapter the discussions have assumed a ‘perfect’ and
pure detector. In reality however, defects and impurities may be introduced into the
semiconductor during growth, fabrication and operation. These factors may introduce
traps within the band gap region of a semiconductor’s structure which act to capture
the created charge carriers (electrons or holes) and immobilise them for a period of
time or even neutralise them completely.
These traps exist at specific energy levels (Et) within the band gap region which
trapped charge carriers must subsequently overcome in order to once again freely move
through the material. The trap energy level (Et) is more often referred to relative to
the band energy (Eb) for the specific carrier it traps, so either the conduction energy
band (−Ec) for electron trapping or the valance band (+Ev) for hole trapping.
As would be expected from Equation 3.1, the average emission time of a trapped
charged carrier, or the detrapping time, (tt) is dependent upon both the temperature
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(T ) and the energetic location of the trap within a specific material, as given by [80],
tt =
exp(Eb−EtkT )
Ksvthσtr
(3.20)
where vth is the thermal velocity of the the charge carrier (vth =
√
2kt/mc [98]), σtr is
the trapping cross-section and Ks is given by Equation 3.2.
Therefore shallow traps are quite close to the allowed energy bands and charge
carriers tend to easily migrate back-and-forth between the energy levels quickly.
However, deep traps tend to exist near the mid-point of the forbidden region and
as such the amount of energy required for the trapped carriers to migrate back to the
allowed energy band may be large [65][100]. This therefore may result in quite long
periods of immobilisation, especially within wide band gap semiconductors where the
mid-point energy may be larger than even the band gap of “standard” semiconductors
like silicon.
The concentration of traps and the length of time carriers are trapped in them
is an important factor in the quality of a detector. Following ionisation, a full pulse
is registered when both charge carriers reach the respective electrodes. If one of the
carriers is delayed or neutralised, it will lead to fluctuations in the signal pulse or even
a reduction in the signal height [80]. This in turn would lead to low resolution energy
spectra or incorrect energy peaks, as demonstrated in Figure 3.9. Furthermore, the
emissions of detrapped electrons and holes may also add to the noise of the system [80].
Defect based traps originate during either the growth of the crystal, the subsequent
detector fabrication (e.g. ion implantation) or during operation (e.g. radiation
damage). They lead to a deviation from the desired crystal symmetry and subsequent
perturbations from the ideal band structure, as would be expected from Figure 3.3.
Common forms of point defects are: empty lattice sites (vacancies); additional atoms
between regular lattice sites (interstitials), either atoms of the same crystal type
or “foreign” atoms; and vacancy-interstitial pairs (Frenkel defects) [80] as shown in
Figure 3.10.
In addition to these point defects, crystal growth may lead to line defects where
the regular lattice structure is not maintained during growth, as shown in Figure 3.11.
Growth imperfections are quite common in both diamond and SiC materials due to
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Figure 3.9: Depiction of full, delayed and incomplete charge collection on the
energy spectra output.
Figure 3.10: Simple lattice structure showing common semiconductor crystal
defects, adapted from [80].
the current growth techniques and methods. This is particularly the case for SiC, where
imperfections are also related to the large number of polytype forms. As such, it is
likely that even in bulk 4H-SiC there may exist 3H-SiC and 6H-SiC localised structures,
thus creating non-equivalent sites and potential defects. A summary of common SiC
intrinsic imperfection centres has been presented in Table 3.2, which shows the energy
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location and whether it is a donor (traps holes) or an acceptor (traps electrons).
Trap Type Energy Location (eV) Donor / Acceptor
N Impurity Ec -0.052 Donor
Ec -0.092
Al Impurity Ev +0.23 Acceptor
B Impurity Ev +0.29 Acceptor
Ga Impurity Ev -0.3 Acceptor
Ti Impurity Ec -0.12 Acceptor
Ec -0.16
Cr Impurity Ec -0.15 Acceptor
Ec -0.18
Ec -0.74
V Impurity Ec -0.97 Donor
L Defect Ev +0.24 Acceptor
i Defect Ev +0.53 Acceptor
D Defect Ev +0.54 Acceptor
Z1(Z1/Z2) Defect Ev -0.63 Acceptor
Table 3.2: Properties of deep level traps in 4H-SiC taken from [100]. Energy
levels quoted are relative to the Conduction (Ec) or Valence (Ev) energy bands.
Of the deep intrinsic centres, Z1 (also called Z1/Z2 for some polytypes) seems to
be one of the most important as it is prominent even at growth and is significantly
intensified during fabrication (specifically ion implantation) [101]. Although the
literature generally agrees on its energy location (0.63 to 0.68 eV), its origin and type
(donor or acceptor) is still under debate. It has been suggested that this defect is a result
of a nonaxial C-Si nearest-neighbour divacancy [101] or simply a C vacancy [102]. The
majority of literature also suggests that it is an acceptor defect [100][101][103], however
recent work by Fang [102] actually suggests that it may be a donor defect.
Extrinsic impurities relate to foreign atoms which have been introduced into the
main crystal structure, potentially taking up sites in interstitial or Frenkel intrinsic
defects. Often these impurities are intentionally introduced into the semiconductor as
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Figure 3.11: Example of line defect in semiconductor crystal, adapted from [80].
a way of controlling the charge carrier’s transport properties e.g. such as Boron (B) or
Phosphorus (P) into commercial Silicon (Si) wafers [65]. However incorrect impurity
doping or additional unwanted diffusion into the bulk of the crystal may result in
unexpected traps, as well as increases in the conductivity. Furthermore, unintentional
impurities may also be introduced during the processing of the materials, for example
Nitrogen (N) from air, diffusion of the substrate (Si) or contact material.
A summary of common SiC impurities has been given in table 3.2, of which there has
been significant work on Titanium (Ti) and Vanadium (V) [100][101][102]. Although
potentially used as a normal dopant, these two elements are of particular interest as they
are a major contamination in graphite, which is used as part of the growth processes,
particularly in SiC. As transition metals, they may lead to electrically active deep levels
in the band gap of the semiconductor.
Within CVD diamond, the main source of defect is thought to arise from
nitrogen interstitials introduced from air or silicon vacancies when grown on sub-
strates [104][107][108]. Traps also exist due to the grain boundaries of the lattice
crystals formed during the growth process [108] and are particularly important when
considering polycrystalline diamond, where multiple grain boundaries exist [104].
A summary of some trap energies in diamond have been presented in Table 3.3, but
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Et (eV) σ (cm
2) tt (at 300K) Reference
0.31 3×10−16 0.5 ms [104]
0.38 3×10−16 - [105]
0.39 3.2×10−19 13 ms [106]
1.14 9.5×10−14 ≈ 76 days [106]
1.23 4×10−13 ≈ 13 hrs [106]
1.86 - ≈ 2×109yr [107]
Table 3.3: Properties of traps in CVD diamond. σ is the capture cross-section
for charge carriers.
as with SiC, there seems to be some variation among the literature and as such this
table is in no way definitive. This may be down to the variation of techniques used
to identify the traps (TSC3, PICTS4, alpha particle response measurements, etc [106])
or due to the continual development in the quality of diamond growth (i.e. samples
vary) [104], but there is a general consensus of shallow traps around 0.3-04 eV and deep
traps around 1.1-1.3 eV.
3.8 Radiation Damage
When radiation traverses matter it may interact with either the atomic electrons or the
nuclei within that material as discussed in Chapter 1. Essentially these interactions
‘change’ what was the stable material by breaking bonds and creating ionisation. In the
most part these changes are temporary, with the nuclei and electrons simply reforming
into their original state, but there is a possibility that a permanent material change
could occur which may ultimately lead to a change in detector performance, particularly
when interactions with the nuclei take place.
3Thermally stimulated current technique
4Photo-induced current transient spectroscopy
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Within semiconductors the main processes which may lead to radiation induced
damage are [80]:
- the displacement of lattice atoms leading to interstitial sites and vacancies;
- nuclear interactions such as neutron capture and nucleus transmutation;
- secondary processes from the energetically displaced lattice atoms;
- chemical reactions where ionised atoms react with ‘foreign’ atoms such as the
creation of oxidation layers [109].
Generally these reactions will lead to short term defects that partially ‘anneal’
following irradiation, so either the lattice returns to its original state5 or the defect
is transformed into a more stable defect type with changed property [80]. However,
it is also possible that permanent defects will be produced that reduce the detection
capabilities as described in Section 3.7 or even change the characteristics of the detector
altogether [111]. Therefore the effect of radiation damage can be cumulative, with the
probability of detector degradation increasing with radiation dose.
The severity by which a detector is effected by radiation is very much dependent
upon the material and the radiation itself. As briefly discussed in Section 1.5, the
displacement threshold energy represents the minimum energy required to displace an
atom from its lattice site. Subsequently the larger this energy, the less likely it is
to create interstitial and vacancy defects, by far the most common form of radiation
damage [80].
The type of incident radiation also plays a significant role as some radiation types
are more likely to displace nuclei than others. From the elastic recoil discussions
in Section 2.4.2 it would be expected that incident radiation of similar mass as the
nuclei would be more likely to transfer enough energy to displace the lattice atom, and
certainly from Table 3.4 it can be seen that protons and neutrons are more likely to
cause defects in Silicon than electrons. However, even more so than that are secondary
5This becomes more likely as temperature is increased, although there are limits by which
the detector can be reclaimed [110].
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ions which result from the ionisation of the material (so Si+ in the case of silicon).
Therefore it is also possible that radiation which creates large amount of ionisation but
does not necessarily have a high probability of causing it directly (so alpha particles or
a high flux gamma field for example) may also lead to radiation damage.
Radiation Electron Proton Neutron Si+
Main
Interactions
Coulomb
scattering
Coulomb and
nuclear
scattering
Elastic nuclear
scattering
Coulomb
scattering
Tmax (eV) 155 133700 133900 1000000
Tav (eV) 46 210 50000 265
Emin (eV) :
Point defect 260000 190 190 25
Defect cluster 4600000 15000 15000 2000
Table 3.4: Radiation and main secondary particle interactions with silicon, taken
from [80]. Table assumes an initial radiation energy of 1MeV. Tmax is the
maximum kinematically possible recoil energy, Tav the mean recoil energy and
Emin the minimum radiation energy needed for the creation of a point defect and
defect cluster (multiple localised defects).
When considering these factors it is also worth noting that the displacement energy
may only be part of the story when considering radiation hardness. For example,
with a displacement energy of 43 eV, diamond is very much considered a radiation
tolerant material, certainly when compared to silicon which has approximately half that
threshold (13-20 eV), as shown in Table 1.6. However, from Table 2.3 the maximum
amount of energy that can be transferred via fast neutron recoil reactions is almost
double for diamond compared to silicon. Therefore one could expect the probability of
fast neutron induced radiation damage to be fairly similar between these two materials,
a factor argued by Zamboni, Pastuovic´ and Jaksˇic´ [49].
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3.9 Stability (Polarisation)
A direct consequence of deep level traps in wide band gap semiconductor detectors is
the phenomenon by which the detected signal may vary during the irradiation [65].
After some 60 years of research the reasons for this so called polarisation effect6 within
semiconductor materials is still the subject of much investigation and debate.
It is generally accepted that polarisation occurs when the trapped charge carriers
remain immobilised for relatively long periods of time, such that the rate of charge
trapping is greater than the rate of detrapping [65]. From Table 3.3 it is clear that
this is particularly likely for the deep level traps within wide band gap detectors and
the phenomenon has in fact been widely demonstrated in D [26], SiC [112], CZT [113]
(Cadmium Zinc Telluride7) and CdTe [114] (Cadmium Telluride8) for many years.
Once a charge carrier is trapped, it will effectively be an ionised centre with a
localised space charge region around it (Figure 3.12(b)). While the rate of trapping is
greater than the rate of detrapping, there will be a resulting buildup of trapped charge
carriers and the localised space charge region will increase throughout the detector
creating an additional potential barrier which any subsequent electron-hole pairs must
pass through in-order to reach the electrodes (Figure 3.12(c)). The effect of this barrier
is to ‘slow down’ the charge carriers, reducing the instantaneous current flowing through
the detector, as well as the induced signal output.
The severity of this effect is subject to the type and location of the trap, as well as
the primary charge carrier. For example, it has been demonstrated within CdTe that
trapping of electrons by deep level acceptors leads to a decrease of the electron signal
with irradiation time, but it also leads to an increase in the hole signal [115]. However,
both factors still result in a change of performance with time and in many practical
applications this is a significant issue, as stability is key.
6Caution must be used with the expression polarisation as it has multiple meanings within
semiconductor and radiation physics. Within this document it fully refers to the variation of
signal during irradiation.
7Eg=1.4-1.6 eV [38]
8Eg=1.52 eV [65]
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(a) Electron-hole creation and
migration in a reverse biased
semiconductor.
(b) Trapping of electron in deep
level trap, with subsequent reduc-
tion in signal.
(c) Change in space charge region
due to large concentration of
trapped electrons.
Figure 3.12: Concept of signal creation and polarisation in semiconductors.
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Clearly one way to address polarisation effects within semiconductors is to improve
the growth, processing and fabrication techniques of the material in order to minimise
defects and impurities, which is by no means a simple task. However, there are several
demonstrated methods to ‘manage’ the polarisation in semiconductor detectors in order
to make them suitable for practical detection applications.
- Bias
Whereas the effect of applying a bias while under irradiation starts polarisation
within the detector [114], the effect of removing the bias has been shown to depo-
larise (recover) wide band gap semiconductors. The process is primarily a result
of carrier recapture and subsequent neutralisation, rather than detrapping [115].
This is due to liberated charge carriers migrating locally or slowly through the
detector, rather than being quickly separated and collected by the electrodes
when under bias, thus increasing the chance of recombination. The rate of
depolarisation is therefore relatively quick compared to polarisation, however
the detector will re-polarise once biased and irradiated again as the traps will
still exist.
Full depolarisation within SiC has been suggested to take in the order of 10
minutes [112], where as in D it can be in the order of hours from Table 3.3.
Clearly this is not suitable for regular sustained detection, however extended
periods of operation have been demonstrated in other wide band gap materials by
regularly pulsing the bias supply between operational level and 0V [116][117][26].
The process effectively creates a semi-polarised state where the trapping and
neutralisation are in equilibrium.
The disadvantage to this method is a more complex power supply circuit and
the potential of electromagnetic interference on the signal amplification circuit
caused by the switching bias.
A further alternative is to increase the bias as the trapping increases. Effectively
this gives the created charge carriers sufficient energy to traverse the space charge
barrier and be collected at the electrode. Essentially this technique has been
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demonstrated in D as part of the priming process mentioned below, but it is
limited by the carrier saturation velocity.
- Light Illumination
On both CdTe [118] and Diamond [26][119] work has been conducted which shows
that illumination with visible or near-visible wavelength light can depolarise the
detector and even improve the subsequent rate of polarisation. It has been
proposed that this occurs when the light, of sufficient intensity, creates a large
amount of electrons and holes (through either detrapping or photo-excitation),
which subsequently recombine and neutralise with the trapped deep level carriers.
Once again it should be noted that the “unpolarised” detector is temporary as
the deep level traps will still be present within the material, thus polarisation will
again occur when the detector is biased and irradiated. However, it is possible
that continual light pulsing could potentially create an equilibrium state between
trapping and neutralisation, leading to stable operation.
It should also be noted that the wavelength of the incident light needs to be
carefully selected, as it can induce polarisation in the detector rather than
depolarise it. The work of Sato et al. [118] on CdTe showed that at wavelengths
with energies greater than the detector’s band gap the detector can fully
depolarise, where as at energies equal to or lower than the band gap the detector
can fully or partially polarise respectively.
- Priming
Within some wide band gap semiconductors (particularly Diamond) “priming”
is often employed as a way of stabilizing the polarisation effect within the
detector [120][121][122][123]. This process involves irradiating the detector to
high doses (usually in the region or 5-20Gy[121]) in-order to saturate the detector
with a large electron-hole concentration, a significant proportion of which are
then captured by the deep level traps. As all the traps are filled, electron-hole
pairs created as a result of subsequent irradiations are less likely to be trapped
within the material, increasing lifetime of the carriers for that irradiation.
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By applying a higher bias, the created charge carriers can overcome the space
charge barrier and be fully collected at the electrodes. Furthermore, as the
trapped charges are immobile for relatively long periods of time (Table 3.3) the
response remains vary stable over reasonable periods of time [123].
This method of controlling polarisation is inconvenient for many applications
as it requires significant doses to the detector. However, within the active
interrogation application, very high instantaneous doses may be present during
standard operation which may feasibly aid in stabilising the detector for use.
- Temperature
An increase in temperature has been shown to increase the rate of polarisation
within some wide band gap semiconductors [114][118][124], in part due to the
increase generation of charge carriers and subsequent trapping, as suggested
from Equation 3.1. Similarly lower, sub zero, temperatures have been shown
to decrease the rate of polarisation by reducing thermal carrier generation
and potentially stabilising the polarisation effect by making trap carriers have
insufficient energy in order to escape [114].
However, increased temperatures also reduce the detrapping time of the trapped
charge carriers [80][103] as they gain the energy needed to escape, as would
be expected from Equation 3.20. Therefore for wide band gap semiconductors
capable of very high temperature operation, such as D and SiC, it is feasible
specific temperature values could lead to an operational trap/detrap equilibrium
without resulting in a large thermally induced background noise.
In practical applications, manipulation of the operational temperatures for SiC
and D detectors could potentially result in complicated cooling systems (peltier
coolers, liquid nitrogen dewars, etc.) or increased noise from the circuitry
components due to high temperatures.
- Contacts
Choosing a suitable contact material for wide band gap detectors has been shown
to reduce and even stop polarisation effects [116][125]. The injection of charge
73
3 - Semiconductor Detectors
carriers opposite to those trapped by deep levels (e.g. inject holes for trapped
electrons) quickly neutralises the immobile carriers before the build up of space
charge alters the sensitive detection region. However, the injection of carriers
leads to an increase in leakage current within the detector [115] and as such is
only suitable for high resistivity materials [116].
Therefore, it has been shown in CdTe that Schottky barrier detectors tend to
polarise the detector quickly [116] as the Schottky space charge barrier inhibits
the flow of current and reduces the chance of neutralisation. Similarly, ohmic
detectors have been shown to reduce the polarisation effects within CdTe [116]
due to an increased chance of neutralisation through flowing electrons from the
contact [116].
- Thin Layer (Epitaxial)
Certainly within SiC detectors, thin epitaxial layers (up to 100µm) have been
shown to have no polarisation effects during operation [27][38][126]. This is
impart due to better growth techniques for the smaller volumes of material,
as well as the fact that less volume equates to physically fewer defects and
impurities. Furthermore, these detectors tend to be more heavily doped with
intentional impurities in order to neutralise the effect of the defects before they
can trap the created charge carriers. Siffert et al. [114] also suggest that the ease
by which a thinner layer of material can be fully depleted also plays a role, as
it ensures the charge collection efficiency remains essentially constant even if all
the deep level traps were filled.
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4.1 SiC Detector Fabrication
As part of this project a number of different semi-insulating SiC detectors were
fabricated from wafer level material in order to investigate the quality available from
different manufacturers, the effect of different contact sizes on performance and, to
some extent, the effect of the contacts themselves. Should SiC be utilised in future
active interrogation applications, the aim of these investigations would be to aid any
future detection system design.
Due to the cost and/or availability of D and epitaxial SiC, these investigations
were primarily carried out on semi-insulating SiC acquired from Cree (Appendix E)
and Norstel (Appendix D), which were easily available during the time frame of the
project, at a cost reasonable for the project budget.
The fabrication process evolved over the project and not all detectors were
fabricated identically. This was primarily due to issues arising during fabrication and
the subsequent need for an improved process following that. Although not ideal for
direct comparisons between each of the detectors, this did allow for a comparison of
each fabrication technique and therefore whether stringent fabrication methods were
required or not. An overview of the fabrication process is described below, with a
summary of each individual detector in Table 4.2.
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Wafer Dicing
For the majority of detectors fabricated, some form of dicing was required. This was
either conducted at the University of Surrey or outsourced to Loadpoint. For dicing
at the University of Surrey, a South Bay Technology 850 diamond wire saw (serial
number 091198) was used to cut the semiconductor material. A constant flow of de-
ionised water was passed over the sample during the process to reduce the spread of
sample particulates. The sample being diced was fixed onto a base plate with wax.
Cleaning
Throughout the process, the cleanliness or the sample was considered with the upmost
importance, particularly following the fabrication discussions of Zetterling [78]. The
main cleaning process first involved blow drying with a dry nitrogen gas gun to remove
any solids or particulate. Following this, samples were immersed in:
- Isopropanol (IPA) for 2 minutes,
- Methanol for 2 minutes,
- Acetone for 2 minutes.
This was followed again by a blow dry with dry nitrogen. This process would remove
any organic contamination and as such, care was taken to ensure that both sides were
exposed to the cleaning agents during soak (i.e. held with tweezers in the liquid). To
ensure the samples were fully dry, they were also left to dry on a 85◦C hotplate for 2-3
minutes.
Due to issues with contact adhesion on highly polished samples (discussed in
Section 4.2), additional cleaning techniques were used in later sample fabrication, this
included:
- Isopropanol (IPA), heated to ≈85◦C on a hotplate, for 2 minutes,
- Methanol, heated to ≈85◦C on a hotplate, for 2 minutes,
- Acetone, heated to ≈50◦C in an active ultrasonic bath, for 2 minutes.
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This would again be followed by nitrogen blow dry and 2-3 minutes on a 85◦C hotplate.
Inspection
The high magnification camera of a Veeco Dektak 8 Stylus Profiler (serial number
23125) was used to visually inspect the surfaces of the samples at various stages of
the fabrication process. In particular, it was used to determine the primary surface
particle type for the contacting process described below. The ‘smooth’ surfaces shown
in Figures 4.1(b) and 4.1(d) were the Si-face (chemical-mechanical polishing), where as
the ‘rough’ surfaces shown in Figures 4.1(a) and 4.1(c) were the C-face (optical quality
polish).
(a) Norstel C-face (b) Norstel Si-face
(c) Cree C-face (d) Cree Si-face
Figure 4.1: Dektak 8 image of semi-insulating Norstel and Cree material.
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Leakage Current
The method of measuring leakage current is discussed in more detail in Section 4.3,
but for the purposes of this section it is worth mentioning that at each stage of the
contacting process, from wafer to mounted detector, the leakage current was measured.
Following leakage current testing the sample was again cleaned as per the process above
to ensure no additional contamination had been picked up.
Photoresist
For several samples a small amount of Micro Resist photoresist (415) was applied to the
centre of the detector and left to dry in room light. Contacts were then applied to the
sample and the photoresist later removed with Micro Resist mr-Rem 660 photoresist
remover and acetone. This subsequently left a small hole at the centre of the detector
contact, which could assist in optical characterisation of the device, such as PICTS
analysis1 in the future.
Ohmic Contacts
A full investigation of suitable contact materials and techniques would itself be a
significant undertaking that fundamentally would not cover the objectives set out as
part of this project. Therefore it was decided that the contact materials and techniques
used should instead reflect the most common or successful methods discussed in the
literature. As can be seen from Table 4.1 titanium and nickel are regularly used for
direct surface SiC electrodes. However throughout the literature there seems to be
some variation on whether they are used as ohmic or Schottky barrier electrodes, with
little discussion on their reason for use.
Within this project, the recipe commonly used by Ruddy et al. [127] and
Zetterling [78] was implemented for the ohmic contacts, that being; Ni surface contact
1Ultimately the detectors were not optically characterised as part of this project due to
time constraints and availability of equipment. As such not all detectors were fabricated with
this hole.
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with an Au cap on the Si-face, annealed to 980◦C in an inert gas environment. This
recipe was selected as the process was well defined in published literature and the
detectors were well characterised experimentally. Furthermore, as will be discussed in
Section 4.2, pre-fabricated SiC-SI detectors also had this style of electrode setup.
The Au cap over the Ni surface electrode acts to provide both a better surface for
bonding, as well as a better long term adhesion stability than just Ni [78]. As discussed
in Section 3.4, the annealing process leads to a the creation of Ni2Si which reduces the
contact barrier of the electrode, making it ohmic.
Ohmic Schottky
Material Mnf. Doping Author Material Anneal Material Anneal
SI Cree <105cm−3 Ruddy [127]
Ni
Au
-
Ti
Pt
Au
-
SI Cree -
Cunningham
[128]
Ti None Ni None
SI - -
Kazukauskas
[129]
Ti None Ni None
EP
IKZ/
Cree
1013cm−3 Nava [130]
Ti
Pt
Au
1000◦C for
1min in
N2H2
Ni
Au
800◦C for
1min in
N2H2
EP ETC
1014-
1016cm−3
De Napoli [131] Ni2Si 950◦C Ni2Si 600◦C
EP Cree 1014cm−3 Lees [132]
Ti/Ni
Au/Cr
1100◦C for
800s
Ti
Ni
Au/Cr
600◦C for
40min
EP Cree 1014cm−3 Ruddy [127]
Ni
Au
-
Ti
Pt
Au
-
Table 4.1: Common published SiC contact recipes. Most authors contacted
material via vacuum sputter deposition. SI is semi-insulating bulk SiC, where
as EP is epitaxial SiC. ‘Mnf’ represents the wafer manufacturer.
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The ohmic contacts were applied at the University of Surrey using either an Emitech
K575X or K575XD vacuum sputter machine, with exact settings given in Appendix B.
The Ni and Au targets were both 99.99% pure.
Schottky Contacts
The Schottky contact recipe used replicated that commonly utilised by Ruddy et
al. [127] and Zetterling [78]. A Ti surface contact was applied to the C face and
capped with Pt and Au, with annealing to 510◦C in an inert gas environment.
The Pt cap over the Ti surface electrode acts to prevent Ti oxidisation and migration
of Au through the contact. The Au cap again provides both a better surface for bonding,
as well as a better long term adhesion stability [78]. As discussed in Section 3.4, the
annealing process improves the ideality factor (Appendix A) of the Schottky contact.
These contacts were applied at the University of Surrey using either an Emitech
K575X or K575XD vacuum sputter machine, with exact settings given in Appendix B.
The Ti, Pt and Au targets were all 99.99% pure.
As Ti rapidly produces an oxide layer in air, the Ti target was ‘cleaned’ 2-3 times
prior to sputtering directly onto the SiC. The cleaning process is part of the sputter
machine function and involves passing a higher current through the target to remove
the surface oxide layer.
It should be noted that the K575XD device allowed for dual targets, therefore the Ti
and Pt could be both sputtered without removing the vacuum, reducing the possibility
of an oxide layer forming on the Ti electrode.
Annealing
Sample annealing was conducted at the University of Surrey using a MTI GSL-1100X
Vacuum Tube Furnace. At the time of fabrication the rapid annealer at the University
of Surrey was unavailable for quite some time due to repair issues. Subsequently
the Vacuum Tube Furnace was used with the heating/cooling transition schemes
demonstrated in Figure 4.2. These schemes clearly show that the total anneal times
would be longer than that proposed in the literature (Table 4.1) due to heating/cooling
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of the furnace, although it was not considered that this would cause a significant issue
with detector operation. The heat/cool times were ≈10◦C/min, with a desk fan used
for the cooling cycle in order to dissipate the heat better.
Figure 4.2: Temperature profile of the GSL-1100X Vacuum Tube Furnace for
Schottky and Ohmic contact annealing. Ohmic 2 shows temperature profile for
later contact fabrication techniques where the sample was given time to thermally
stabilise in the environment.
Prior to commencing annealing, the chamber was purged with nitrogen gas for 1min
at ∼2Atm. During the annealing cycle a constant flow of nitrogen was maintained at
∼1-1.1Atm.
Mounting and Bonding
All detectors within this investigation were mounted to either a printed circuit board
(PCB) or ceramic board with Agar 2400 Conductive Silver Epoxy (G3349). Where
Schottky barrier contacts were used, the detector was mounted to the board on the
ohmic face.
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24µm diameter gold wire was used to bond the top contact to the detector board,
with the conducting silver epoxy again being utilised.
Fabrication Issues
- Contact adhesion.
By far the biggest problem during fabrication was contact adhesion following
annealing of the ohmic contacts (980◦C), with several samples showing partial
or complete loss of the contact material (see Table 4.2). This occurred primarily
on the Cree material which seemed to have visibly ‘smoother’ surfaces than that
of the Norstel samples, as seen in Figure 4.1(c).
Due to this issue, the process evolved during the project with later detector
fabrications showing very good adhesion following a ‘deep’ clean with heated
acetone/methanol/IPA (described above) and a stabilisation period during
annealing (Figure 4.2). However, as a result of this problem, a number of earlier
samples required additional work, including secondary layers of Au following
annealing and/or abrasive polishing with an aluminium oxide and ethanediol
mixture.
- Oxidation Layer.
Due to issues with the K575XD sputter machine, a K575X device was used for
some of the earlier fabrications. This device has the capability of sputtering one
contact at a time, requiring the target to be changed for each layer. Subsequently
there is a possibility that a titanium oxide layer may have formed while the Ti
target was being replaced with Pt.
Furthermore it was discovered that the Ti target may not have been as efficiently
cleaned on earlier samples (see Table 4.2), increasing the possibility of oxide layers
being present.
- Photoresist burning.
On one sample the photoresist was not removed prior to annealing. Subsequently
the photoresist was ‘burnt’ onto the sample. Despite deep soaking in heated
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acetone and abrasive polishing with aluminium oxide this could not be fully
removed.
4.2 Detectors Under Investigation
A number of SiC and D detectors were selected for the investigation, covering the
main variations of radiation hard semiconductors available, as well as alternative
manufactures. The aim of this approach is to document the various design trade-
offs for each detector so that it is possible to make a fully informed decision on the final
application.
As well as the radiation hard semiconductors, a commercially available Silicon PIN
(Si-PIN) photodiode was also investigated. These detectors are widely available, cheap
and reliable, making them an industry standard semiconductor detector, certainly for
charged particle detection. As such, the Si-PIN was used as a benchmark to compare
the other detectors within this investigation.
A discussion of each detector can be found below, with fabrication details
summarised in Table 4.2. It should be noted that during practical testing some of
the factors may have changed slightly, although this will be noted where relevant. In
particular it was observed that laboratory vacuum based tests allowed for high biases
and low noise, where some non-vacuum based testing resulted in increased noise or
breakdown at similar biases. Unfortunately this was only discovered during testing
and following the bulk of laboratory based characterisation tests.
A specific reason for this phenomenon has not yet been determined, but it was
particularly prevalent in high resistivity diamond samples. It is suggested that some of
these effects at higher biases could be due to ionisation of the air around the contact
wire, leading to higher noise. Certainly as distances between anode and cathode get
down to fractions of mm, the voltages required to breakdown air are only hundreds
of volts [133] and very much within the region of some of the detectors investigated,
however it does not explain the preference for the higher resistivity diamond samples.
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Silicon PIN
Figure 4.3: Si-PIN compared against British 5p coin.
This Silicon PIN (Si-PIN) detector was a commercial Hamamatsu photodiode, type
S1223-01, mounted on a PCB. As shown in Appendix C, the maximum negative bias
of this detector was -25V. Although not sold as such, Gooda and Gilboy [134] have
demonstrated the ability of this type of detector to operate as an ionising radiation
detector, however the window on the standard casing needed to be removed in order to
allow alpha particles to be detected. This modification was conducted at the University
of Surrey.
Epitaxial Silicon Carbide
The silicon carbide epitaxial detector (Figure 4.4(a)) was fabricated as part of
the RD50 collaboration activities (Radiation hard semiconductor devices for very high
luminosity colliders) using Cree (USA) material [135].
The exact growth technique for the Cree material has not been divulged, but
papers [136] and patents [137] suggest that the crystal, both bulk substrate and epitaxial
layer, were grown via liquid phase epitaxy technique. In general this method uses high
temperature Si solvent (∼2800◦C) with C additive, to grow the SiC in a graphite
crucible [78]. This ensures that debilitating growth defects, such as micropipes2 are
minimised.
The epitaxial layer is 50µm of n-type 4H-SiC (5×1014cm−3) grown on 360µm of
4H-SiC bulk semi-insulating substrate, as per Figure 4.4(b).
2Micropipes are physical hollow-core defects within the crystal.
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The contacts were applied by Alenia Marconi Systems (Italy) [135]. These consisted
of ohmic Ti/Pt/Au (20/30/150nm) contacts annealed to 1000◦C and Schottky Ni/Au
(100/100nm) contacts as summarised in Table 4.2. The detector was mounted and
bonded to a ceramic board at the University of Surrey.
(a) SiC-EP and British 5p coin. (b) Cross-section of SiC-EP taken
from [138].
Figure 4.4: Epitaxial Silicon Carbide.
A significant amount of characterisation of this detector was carried out at the
University of Surrey, primarily in a vacuum. Following this, the detector was tested
at AWE in a non-vacuum environment where the detector proved to be unstable, with
regular issues of increased noise and variable background readings above an applied
bias of -14V. Upon return to the University of Surrey, this characteristic remained,
even in a vacuum and subsequently all future tests had to be carried out at 0V.
The specific reason for this sudden loss of capability was never fully understood.
Damage to the detector seemed unlikely as the detector was transported in a protected
container; no issues were encountered during manipulation; and the instability appeared
mid-way through the off-site testing (i.e. it broke down part way through a test). The
detector was also cleaned and remounted, with no improvement in the issue.
It has been suggested that this loss of functionality comes about as a result of a
slow carbon dioxide layer forming at the contact edges, particularly if the detector has
been breathed on [139]. The result would potentially affect the surface properties of
the detector and therefore the higher bias leakage current (as discussed in Section 3.5).
The concept is an interesting one and is definitely worth considering for future work
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outside of this project, especially due to the implications for the SiC industry.
Regardless, the detector operated stably at 0V. As such the SiC-EP was investigated
as a ‘self-biased’ detector, which is a particularly interesting concept for this type of
application as not only does it reduce power consumption, but the reduced depletion
region could potentially minimise gamma cross-sensitivity in the detectors [140].
Semi-insulating Silicon Carbide
As semi-insulating silicon carbide is potentially the cheapest radiation hard
semiconductor option, multiple manufactures have been considered in order to explore
quality and availability options for the final application. Specifically, GeneSiC, Cree
and Norstel SiC-SI detectors have been investigated.
GeneSiC
Figure 4.5: SiC-SI-Ge and British 5p
coin.
This detector was fabricated by Gen-
eSiC Semiconductor (U.S.A) as part of a
collaborative project with Frank Ruddy
from Westinghouse, with the material
itself grown by Cree [127]. The SiC-SI
was 360µm thick and had a net doping of
less than 105cm−3.
The contacts consist of Ti/Pt/Au
Schottky contacts and Ni/Au ohmic con-
tacts, applied via a combination of photo-
lithography and vacuum-deposition. Vis-
ible inspection seemed to suggest that the detector had a guard ring, but it was not
bonded to the detector board as part of this investigation. As discussed in Section 4.1,
this contact recipe was replicated for the detector fabrication required in this project.
During the investigation the detector did come loose from its package, requiring it
to be cleaned, remounted and rebonded. The detector was thoroughly characterised
before and after this event.
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Norstel
A 350µm thick wafer of Norstel semi-insulating bulk SiC material was obtained for
this project, with details shown in Appendix D. This sample was grown using High
Temperature Chemical Vapor Deposition (HTCVD) [43]. This process involves silicon
and carbon based gases (e.g. SiH4, C2H4) being pumped into a high temperature
(2000-3000◦C) and pressure (200-800mbar) graphite crucible to react with a SiC seed
at the top [78].
Several samples were diced and sputter coated with Niobium (Nb) to 250nm by
Cambridge Microfab.
Additional samples were diced and contacted at the University of Surrey us-
ing the methods described in Section 4.1. In addition to the Schottky-ohmic
contacts, two samples were fabricated with ohmic-ohmic contacts (Au/Ni:Ni/Au).
Figure 4.6: SiC-SI-8x9 and British 5p
coin.
A number of samples were fabricated
at the University of Surrey with a small
hole in the top contact for potential fu-
ture optical characterisation, as described
in Section 4.1. Furthermore, a number
of these samples were fabricated with the
K575X sputter device and as such may
have an additional titanium oxide layer
present.
However, with the exception of the
photoresist burning described in Sec-
tion 4.1, there were no specific issues with these devices during fabrication and
contact adhesion seemed very good, even following annealing at high temperatures.
It is believed that this was in part due to the rough surface of the Norstel material
(Figure 4.1(a)) lending itself to better adhesion of the contact material.
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Cree
Although Cree grown material with, what was perceived as, high quality contacts
had already been acquired for this investigation (GeneSiC), an additional 350µm thick
wafer of high purity semi-insulating SiC was acquired from Cree. This additional
material allowed for practical investigations on the necessity of contact quality and
geometry for the radiation detection capabilities of these devices.
Figure 4.7: All SiC-SI-Cr samples fabricated at the University of Surrey using
Cree material. Detectors compared to a British 5p coin.
The wafer was diced externally by Loadpoint and fabricated at the University of
Surrey using the methods described in Section 4.1. Multiple detectors were fabricated
with different geometries. The majority of detectors were mounted to PCB boards, but
one was mounted to a ceramic board for temperature testing.
At the time of writing, Cree also offered a 500µm thick wafer of SiC-SI. The thinner
material was selected for this investigation in order to better compare between the other
detectors. However, this thicker material could be of great interest for future work.
Single Crystal Diamond
This detector (D-SC) was fabricated from high purity, electronic grade, single
crystal diamond grown by Element Six Ltd using chemical vapour deposition (CVD)
technique.
In a similar method to HTCVD, a hydrocarbon, hydrogen gas mixture (CH4/H2)
is pumped into a crucible where it reacts with a carbon based substrate in order to
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grow a layer of diamond. For standard CVD, this is done at around 500-1300◦C [141].
Relatively thick (>500µm), low defect material can be grown in this manor,
however large areas can be difficult. Furthermore, due to the strong lattice bonds
within diamond and subsequent rugged nature, processing (dicing and polishing)
and fabrication (contacting) can be difficult, consequently leading to higher cost.
Figure 4.8: D-SC and British 5p coin.
This particular detector was fab-
ricated as part of Mohamed Abdel-
Rahman’s PhD project [142][143]. Pt
contacts were then deposited using the
K575XD sputter machine at the Uni-
versity of Surrey, following a thorough
cleaning process of boiling sulphuric acid
and potassium nitrate, then de-ionised
water, acetone and IPA respectively. The detector was mounted on a ceramic board
and bonded with 24µm gold wire.
Polycrystalline Diamond
Figure 4.9: D-PC and British 5p coin.
This detector (D-PC) was fabricated from polycrystalline CVD diamond purchased
from Diamond Detectors Limited as part of a collaborative project with the University
of York [62]. Fundamentally the diamond is grown via the same CVD technique as
single crystal diamond, however rather than a single uniform crystal, the detector is
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made up of micro-sized CVD grown diamond powders, bonded together by sintering
at high temperatures [144]. This allows for growth of larger area detectors, but with
increased ‘defects’ as a result of boundaries between grains.
This material was thoroughly cleaned prior to contact fabrication using aqua regia,
acetone and IPA respectively. Gold metal contacts were applied at the University of
Surrey, with the K575XD Sputter machine. The completed detector was mounted on
a bespoke, low impedance (50Ω) PCB and bonded with 24µm gold wire.
Four contacts of varying size were fabricated on the sample, however during testing
it was noted that only two were suitable for radiation detection.
Material Fabrication
Detector
(Material-Type-Code)
Manf.
Thick.
(µm)
Mnf.
Contact
Material
Contact
Thick.
(nm)
Anneal
Contact
Size
(mm)
Mount Comment
Si-PIN Hamamatsu ≈300 Hamamatsu - - - 3.6×3.6 TO-5 S1223-01
SiC-EP Cree
50
(+360)
Alenia
Marconi
Systems
(S)
Au/Ni
:
Ti/Pt/Au
(O)
20/30/150
:
100/100
-
:
1000◦C
2min
ø5 Ceramic
RD50.
Stability
issues.
SiC-SI Cree 350 GeneSiC
(S)
Au/Pt/Ti
:
Ni/Au
(O)
2000/40/60
:
40/1500
- 5×5 PCB
SiC-SI-2SN Norstel 333
Cambridge
MicroFab
Nb
:
Nb
250
:
250
ø3 PCB
SiC-SI-8x9 Norstel 333 UniS
(S)
Au/Pt/Ti
:
Ni/Au
(O)
30/20/100
:
50/10
500◦C
30min
:
980◦C
2min
7×8 PCB
TiO2, burnt
photoresist,
optical hole
in top
contact.
SiC-SI-8x9-2 Norstel 333 UniS
(S)
Au/Pt/Ti
:
Ni/Au
(O)
30/20/100
:
50/10
500◦C
30min
:
980◦C
2min
7×8 PCB
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SiC-SI-8x9-OO Norstel 333 UniS
(O)
Au/Ni
:
Ni/Au
(O)
30/20/100
:
50/10
980◦C
2min
7×8 PCB
Ohmic only,
TiO2,
optical hole
in top
contact.
SiC-SI-Cr1 Cree 350 UniS
(S)
Ti/Pt/Au
:
Ni/Au
(O)
30/20/100
:
50/100
(100/100)
500◦C
30min
:
980◦C
2min
9×9 PCB
Ohmic peel,
abrasive
polish,
second
sputter
SiC-SI-Cr2 Cree 350 UniS
(S)
Ti/Pt/Au
:
Ni/Au
(O)
30/20/100
:
100/100
(50/50)
500◦C
30min
:
980◦C
2min
9×9 PCB
Ohmic peel,
second
sputter
SiC-SI-Cr3 Cree 350 UniS
(S)
Ti/Pt/Au
:
Ni/Au
(O)
30/20/100
:
100/100
500◦C
30min
:
150◦C
60min,
980◦C
2min
9×9 PCB
Thorough
clean
SiC-SI-Cr4 Cree 350 UniS
(S)
Ti/Pt/Au
:
Ni/Au
(O)
30/20/100
:
100/100
500◦C
30min
:
150◦C
60min,
980◦C
2min
4×4
2×2
PCB
Thorough
clean
SiC-SI-Cr5 Cree 350 UniS
(S)
Ti/Pt/Au
:
Ni/Au
(O)
30/20/100
:
100/100
500◦C
30min
:
150◦C
60min,
980◦C
2min
5×5 Ceramic
Thorough
clean
D-SC element Six 500 UniS
Pt
:
Pt
120
:
120
4x4 Ceramic
D-PC element Six 300
UniS /
element Six
Au
:
Au
100
:
100
ø6.5
Bespoke
PCB
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D-PC-L element Six 300
UniS /
element Six
Au
:
Au
100
:
100
ø7.5
Bespoke
PCB
Table 4.2: Main detectors under investigation. The ‘Detector’ column
corresponds to the reference used for each detector throughout the investigation,
where PIN, EP, SI, SC, PC are PIN, epitaxial, semi-insulating, single crystal and
polycrystalline respectively. Manf is the manufacturer and UniS is the University
of Surrey. The values given in the format X:X correspond to the position relative
to the detector material, in this case represented by ‘:’. Furthermore, in the
‘Contact Material’ column (S) and (O) correspond to Schottky barrier contact
and ohmic contact respectively.
4.3 Current-Voltage
Figure 4.10(a) depicts the equipment used to determine the current-voltage (IV)
characteristics of the detectors under investigation. The equipment comprised
of a combined Keithley 487 Picoammeter and Voltage Supply (S/N 0676623)
connected to a PC with custom Labview program written at the University of
Surrey. All testing was conducted at the University of Surrey physics department
at standard temperature (≈ 22 ◦C) and pressure (≈1Atm).
Each detector under investigation was placed within a sealed diecast metal
test box in order to prevent electromagnetic or light interference during testing
(dark leakage current). Ten readings per sampling step were taken.
For each detector:
- the stability of the dark leakage current at a given voltage was determined
over a long period of time (>1hr),
- the dark leakage current as a function of applied bias was measured over
the maximum possible range of the detector or system (the picoammeter
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Pico-­‐ammeter	  and	  
Voltage	  Source	  
Computer	  and	  	  
Test	  So7ware	  
R1	  
Voltage	  
Ground	  
Aluminium	  	  Diecast	  Box	  
Test	  Detector	  
(a) Equipment setup for the current-voltage
testing where R1 = 10kΩ
(b) Current-voltage setup for wafer samples.
Setup utilises bespoke PCB and conductive
foam.
Figure 4.10: Current-Voltage test equipment at the University of Surrey.
was limited to ±500V, ±25µA) with short and long stabilisation between
each step (1s and 100s),
- the dark leakage current as a function of applied bias was measured over a
small bias range (up to ±5V) with small incremental steps (0.1V). A short
and long stabilisation period between each step (1s and 100s) was measured.
During the fabrication process described in Section 4.1, the leakage current
of a number of samples was checked at each stage. These tests were conducted
in a similar manor to that described above, except a bespoke PCB board and
conducting foam pads were used to make the electrical contacts, as shown in
Figure 4.10(b).
4.4 Capacitance-Voltage
Measurements of the detector capacitance as a function of reverse bias were con-
ducted at the University of Surrey using an Agilent 4284A Inductance, Resistance,
Capacitance (LCR) meter and bespoke Labview software. Each detector tested
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(a) Equipment setup for the capacitance-
voltage testing where RF = 100kΩ, RH =
10kΩ, RL = 226kΩ, CF = 1µF, CH = 10µF,
CL = 0.1µF. High Bias Capacitance Test Box
circuitry adapted from the work of Campell et
al. [145].
(b) Capacitance-voltage test box for high bias
(>40V).
Figure 4.11: Capacitance-voltage test equipment at the University of Surrey.
was sealed within a diecast metal test box to reduce electromagnetic interference
and remove light.
For low voltage measurements (±40V) , the detectors were connected and
biased directly through the LCR meter. For higher voltage measurements
(±500V) an external voltage source was used (Keithley 487) which was connected
via the additional circuitry shown in Figure 4.11(a).
Tests were conducted at 1MHz, with ten samples taken per bias setting and
a 1s settling pause after each bias step (between 0.1 to 1V).
4.5 Spectroscopy System
All tests involving ionising radiation exposures used a common spectroscopy
setup as per Figure 4.12. This consisted of a charge sensitive preamplifier,
connected to a shaping amplifier and a bias supply, mounted in a suitable
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Nuclear Instrumentation Module (NIM) crate. Specific components and settings
have been summarised in Table 4.4. The shaping amplifier was also connected,
in series, to a multichannel analyser (MCA) and computer running Maestro
software.
Where necessary, an oscilloscope and pulser were connected to the system in
order to calibrate and / or monitor the signal pulse during exposure.
Figure 4.12: Spectroscopy electronics. Specific components have been summarised
in Table 4.4.
The preamplifier was connected as close as possible to the detector, usually
within 15cm, via a suitable BNC cable. Where this would lead to the preamplifier
being exposed to the same radiation as the detector (X-ray, gamma and neutron
testing), one or two 5cm lead bricks were used to shield it.
The remaining electronics were placed further away from the detectors and
radiation exposure. Furthermore, the MCAs and Computer were also placed
outside of any radiation test cell (where applicable). The distances for each test
facility have been summarised in Table 4.3.
It is possible that signals may be reduced when long cables are used, however
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Cable Distance
Test Facility
Detector to
Preamplifier
Preamplifier
to Shaping
Amplifier
Shaping
Amplifier to
MCA
Alpha &
Beta
University of
Surrey
<15cm 1-2m 1-2m
X-ray AWE <15cm 2-3m 2-3m
Gamma AWE <15cm 2-3m <10m
Neutron
Thermo Fisher
Scientific
<15cm 1-2m 1-2m
Neutron AWE <15cm 2-3m 10-20m
Neutron NPL <15cm ≈50m ≈1m
Table 4.3: Approximate cabling distances for each test and facility.
a pulser check at NPL showed only a 10% reduction in pulse amplitude when
comparing the minimum cable length (<1m) with the maximum length (>50m).
This was 0.59V and 0.53V pulses respectively, as measured on an oscilloscope. A
similar test was also conducted with the preamplifier at 0V and -500V with no
significant variation noticed.
For most testing conducted, Ortec Maestro-32 (V6.08) software was used to
acquire the data. This particular software had the capability to automate a
number of functions which would be key to this investigation, namely the ability
to acquire a spectrum over a certain period and save it at regular intervals. This
process simplifies the determination of detector stability, while also minimising
the potential for data corruption or loss during long irradiation periods. Although
it should be noted that the time to start the software could vary from test-to-
test due to user variation, however it was not envisaged that these errors would
be significant due to the long counting periods and low detection sensitivities.
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An example of the Maestro coding created for this project has been given in
Appendix G.
4.5.1 Energy Calibration
Throughout this report, the energy calibration of the detectors was conducted
by using a standard pulser-capacitor calibration [146]. The equipment setup has
been shown in Figure 4.13.
Figure 4.13: Standard setup for system energy calibration.
Relating this calibration technique to a detector situation requires considering
the accumulation of charge within a semiconductor detector. When energy (E)
is deposited into a detector, electron-hole pairs are created according to,
Ne−h =
E
W
(4.1)
where Ne−h is the number of electron-hole pairs created and W is the average
energy required to create them within the semiconductor material. The total
charge associated with the liberated electron-hole pairs (Qi) is therefore given by,
Qi = Ne−h · e (4.2)
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where e is the elementary charge of an electron.
The liberated charge carriers create a voltage difference (V ) across the detector
according to,
V =
Qi
Ccap
(4.3)
where Ccap is the capacitance of that detector.
Within a pulser-capacitor calibration, the voltage supplied from the pulser
(Vpulser) can be monitored using an oscilloscope. Further to this, the input
capacitance (C1 in Figure 4.13) that the voltage is supplied across is also known.
Therefore as the W value of the detectors is material characterstic value, the
equivalent energy deposited into the system by the pulser (Epulser) can be
determined from,
Epulser = Vpulser × W × Ccap (4.4)
(keV ) (mV ) (eV ) (pF )
By plotting the equivalent energy deposited in the system (Epulser) against the
resultant peak centroid position on the MCA output, a linear relationship can
be observed, the equation of which gives the calibration factor for the detection
system.
Within this report the capacitor (C1) used was 1.88pF. The oscilloscope was
set to 1MΩ input impedance with the probe sensitivity set to ×1. For the
materials under investigation the W values were given by [38]:
Si SiC D
W (eV) = 3.6 7.8 13
For a number of tests, several detectors were under irradiation concurrently
and as such a large number of electronic combinations were used during this
investigation.
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Shaping Amp
Calibration Location Date
Preamp
(S/N)
(S/N) Fine
Timing
(µs)
Bias
(S/N)
Pulser
(S/N)
MCA
(S/N)
Oscilloscope
(S/N)
A-A1 AWE Oct-13
Ortec
142A
(12177207)
Ortec 570
(014A)
4.92 1
Ortec
710
(473)
Ortec
480
(3507)
Ortec
Easy-MCA
(009141315)
Tektronic -
AWE
(B022803)
A-B1 AWE Oct-13
Ortec
142A
(13242744)
Ortec 572
(IRO406)
3.42 1
Ortec
710
(473)
Ortec
480
(3507)
Ortec
Easy-MCA
(009140260)
Tektronic -
AWE
(B022803)
A-C1 AWE Oct-13
Ortec
142A
(13242744)
Canberra
2022
(188916)
3.82 1
Ortec
710
(473)
Ortec
480
(3507)
Ortec
Easy-MCA
(009140260)
Tektronic -
AWE
(B022803)
A-A2 AWE Jun-14
Ortec
142A
(12177207)
Ortec 570
(014A)
4.92 1
Ortec
710
(473)
Ortec
480
(3507)
Ortec
Easy-MCA
(009140260)
Tektronic -
AWE
(B022803)
A-B1 AWE Jun-14
Ortec
142A
(13242744)
Ortec 572
(IRO406)
3.42 1
Ortec
710
(473)
Ortec
480
(3507)
Ortec
Easy-MCA
(009140260)
Tektronic -
AWE
(B022803)
A-C2 AWE Jun-14
Ortec
142A
(223349)
Canberra
2022
(188916)
3.82 1
Ortec
710
(473)
Ortec
480
(3507)
Ortec
Easy-MCA
(009140260)
Tektronic -
AWE
(B022803)
N-A NPL Jun-14
Ortec
142A
(12177207)
Ortec 570
(014A)
4.92 1
Ortec
710
(473)
Ortec
480
(3507)
Ortec
Easy-MCA
(009141315)
Tektronic -
TDS2024B
(C0496902)
N-B NPL Jun-14
Ortec
142A
(13242744)
Ortec 572
(IRO406)
3.42 1
Ortec
710
(473)
Ortec
480
(3507)
Ortec
Easy-MCA
(009140260)
Tektronic -
TDS2024B
(C0496902)
N-C NPL Jun-14
Ortec
142A
(223349)
Ortec 570
(09167278)
6.52 1
Ortec
710
(473)
Ortec
480
(3507)
Ortec
Easy-MCA
(009140260)
Tektronic -
TDS2024B
(C0496902)
N-D NPL Jun-14
Ortec
142A -
UniS
Teach Lab
(No S/N)
Ortec 570
- NPL
(No S/N)
5.00 1 No Bias
Ortec
480
(3507)
Ortec
Easy-MCA
Tektronic -
TDS2024B
(C0496902)
N-E NPL Jun-14
eV 550 -
(A27770)
Canberra
2022
(188916)
3.82 1
Ortec
710
(473)
Ortec
480
(3507)
Ortec
Easy-MCA
- NPL
Tektronic -
TDS2024B
(C0496902)
U-A1 UniS Sep-14
Ortec
142A
(12177207)
Ortec 572
(IRO406)
3.42 1
Ortec
710
(473)
Ortec
480
(3507)
Ortec
Easy-MCA
(009140260)
Tektronic -
TDS2024B
(C0496902)
U-B1 UniS Sep-14
Ortec
142A
(13242744)
Ortec 570
(014A)
3.42 1
Ortec
710
(473)
Ortec
480
(3507)
Ortec
Easy-MCA
(009140260)
Tektronic -
TDS2024B
(C0496902)
U-B12 UniS Sep-14
Ortec
142A
(13242744)
Canberra
2022
(188916)
3.82 1
Ortec
710
(473)
Ortec
480
(3507)
Ortec
Easy-MCA
(009140260)
Tektronic -
TDS2024B
(C0496902)
Table 4.4: Spectroscopy system electronics.
A summary of each electronic combination has been given in Table 4.4, with
each combination utilising the same settings throughout, with the exception
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of the coarse gain on the shaping amplifier which was dependent upon the
detector connected. Subsequently an energy calibration was conducted for each
combination, over each coarse setting (should this need to be changed during
testing3), with between 7-10 readings being taken from the lowest pulser output
(1.52mV) to the maximum pulser output that allowed a visible peak on the MCA.
4.6 Alpha Radiation Tests
The setup for the University of Surrey Alpha Spectrometry equipment has
been shown in Figure 4.14(a). To ensure the lowest possible noise within the
equipment, the vacuum pump was mounted in a separate area, away from the
test chamber, and connected with a rubber tube. The tests were conducted at a
pressure of 8×10−2 mbar, with the system given time (>4min) to settle at this
pressure before the bias was applied and acquisition software started.
The lid of the test chamber was also mounted in such way as to minimise the
noise visible on the oscilloscope. This was then clamped into place to ensure a
grounded connection between the lid and vacuum chamber. This generally led to
a lower noise in the spectra and less acquisition dead time (5% as measured on
the Maestro software).
The maximum distance possible from the source to the base of the PCB
was 19mm, as limited by the adjustable platform. This distance will vary
from detector-to-detector due to different detector thicknesses and mountings,
particularly the ceramic boards which required a bespoke convertor to fit the
detectors into the system.
Between each test the detectors were exposed to at least 15 minutes of room
light while at 0V bias in order to de-polarise the detector, as will be demonstrated
in Section 6.2.1.
3This either occurred in order to fit in the whole spectrum (15MeV testing at NPL) or to
reduce noise (gamma testing at AWE).
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(a) Schematics. (b) Full setup.
Figure 4.14: University of Surrey alpha spectrometry equipment.
(a) Large volume vacuum chamber at Univer-
sity of Surrey.
(b) Non-vacuum test box.
Figure 4.15: Equipment used for testing.
The setup mentioned above was applicable for all room temperature vacuum
testing, with the exception of D-PC as this was too large to fit in the system.
Instead, this detector was tested in a larger vacuum chamber as shown in
Figure 4.15(a), with the remaining equipment setup in a similar way as in
Figure 4.14(a).
For non-vacuum tests the bespoke test box depicted in Figure 4.15(b) was used
for most detectors under investigation. This test box allowed an alpha source to
be moved in front of or away from the detector during the test, therefore removing
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the need for the detector to be exposed to light while removing the sources - a
useful feature for polarisation testing. For this test box, the source-to-detector
distance could be varied by changing the position of the PCB connector (as
opposed to the source platform), however for most tests this was fixed at 1.1cm
(source-to-PCB base).
Current-voltage measurements were conducted in the test box with the Si-PIN
detector in order to measure the change in leakage current caused by opening
and closing the source drawer, essentially determining how light-tight the test
box was. A nominal increase in leakage current was observed as the drawer was
opened (≈2nA to 45nA), but this was significantly less than when fully exposed
to light (>2µA), suggesting the test box provided reasonable light-tightness.
Once again the D-PC detector was too large to fit within the non-vacuum test
box shown in Figure 4.15(b) and therefore was mounted in another bespoke test
box. This box did not have the capability to move the source during testing, but
the source-to-PCB base was again 1.1cm.
4.6.1 Alpha Radiation Considerations
Alpha particles are mainly emitted from heavy unstable nuclei. The resultant
emission is a charged (+2) and heavy (2 protons, 2 neutrons) particle which
is highly ionising and has a large rate of energy loss in most materials, as can
be shown in Figure 2.2. Consequently, mono-energetic alpha emitting sources
usually require a very thin layer of the radioactive material so that they are not
self-attenuated.
However, not all sources are designed in this way and certainly larger activity
sources can have thicker layers as they generally require more radioactive material.
When self-attenuation within the source is a factor, the resultant average energy
of the alpha particles exiting the source is less than the energy value expected
from the nuclear decay. This has been demonstrated in Figure 4.16 for the key
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alpha emitting sources used in this investigation.
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Figure 4.16: Normalised alpha spectra taken with a Hamamatsu S1223 Si-PIN
photodiode at maximum bias. Spectra normalised to the maximum count rate
(Imax) of S037.RG. Source isotope and University of Surrey serial numbers have
been indicated, see Table 4.5 for further details.
Furthermore, if the alpha particles are emitted into a non-vacuum environment
there will be further attenuation as they traverse that medium. This has been
demonstrated for the sources used within this project in Figure 4.17, where the
energy of the detected alpha particle decreases, as the distance in air between the
source and the detector increases.
When the distance travelled is much less than the maximum range of an alpha
particle in air (x  xm), it has been determined that the energy of the alpha
particles (Eα) that penetrates a distance x in air, can be approximated to within
±5% by the expression,
Eα (±5%) ≈ E0 −
(
Pair · Etheoretical
E0
)
(4.5)
where Pair is the air pressure in mbars, Etheoretical is the theoretical alpha energy
emitted from the radionuclide and E0 is the actual emitted alpha energy from
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Figure 4.17: Peak alpha energy against distance in air between the detector and
source (x). Experimental source data was taken with a Hamamatsu S1223 Si-PIN
photodiode at -25V. The fitted line was estimated from Equation 4.5, with Pair
taken as 1013.25 mbar. Source isotope and University of Surrey serial numbers
have been indicated (S47.RG ≈ 3.7 kBq, S217.PH ≈ 60.7 kBq, S037.RG ≈ 185
kBq), see Table 4.5 for further details.
the specific source, measured in a vacuum. From Figure 4.17 it can be seen that
this equation gives a reasonable approximation of the expected alpha energies in
air.
4.6.2 Radiation Flux Calculations
When a source decays, the average emission of the subsequent radiation is
isotropic and as such, the amount of radiation incident upon a standard 2-
dimensional surface (I) would be less than the total amount of radiation emitted
(I0). In order to calculate the number of incident radiation upon that surface,
the solid angle (Ω) must be considered, that being the angle subtended by the
surface at the source position, in steradians.
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I =
I0
4pi
· Ω (4.6)
When the radiation is isotropically emitted from a uniform circular disk and
is incident upon a circular disk detector, as demonstrated in Figure 4.18(a), the
solid angle can be given by [76][147],
Ω ∼= 2pi
[
1− 1
(1 + βφ)1/2
− 3
8
αφβφ
(1 + βφ)5/2
+ α2φ(F1)− α3φ(F2)
]
(4.7)
where
F1 =
5
16
βφ
(1 + βφ)7/2
− 35
16
β2φ
(1 + βφ)9/2
(4.8)
and
F2 =
35
128
βφ
(1 + βφ)9/2
− 315
256
β2φ
(1 + βφ)11/2
+
1155
1024
β3φ
(1 + βφ)13/2
(4.9)
Within these equations4
αφ =
(
rs
d
)
and
βφ =
(
rd
d
)
As can be demonstrated in Figure 4.18(a), when the distance is large relative
to the size of the detector (βφ  1) the source can be assumed to be an infinitely
small point source and the solid angle can be simplified to,
Ω =
pir2d
d2
(4.10)
resulting in an effective geometry similar to that in Figure 4.18(b).
When alpha particles are emitted into a non-vacuum environment there will be
a reduction, not only in the energy of the particles, but also in the number incident
upon a given surface, such as a detector. This loss is a result of interactions with
4The definitions of αφ and βφ has been taken from the the Forth edition of Knoll [76] which
differs from the equation stated in Ruby’s paper [147] but produces the correct values in Table
1 of the same paper and gives reasonable practical values.
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(a) Solid angle consideration for finite circu-
lar source dimensions.
rd	  
d	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(b) Solid angle consideration for an approx-
imate point source dimensions βφ  1.
Figure 4.18: Solid angle geometries.
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Figure 4.19: Solid angle for point source approximation (ΩPoint) and for disk
source approximation (ΩDisk) against βφ. The ratio between point and disk solid
angles has also been plotted.
the atoms of the medium traversed and has been demonstrated in Figure 4.20 for
alpha particles traversing air.
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Within this investigation, the expected loss in the count rate has been
determined experimentally. For the test setup discussed it was found empirically
that the incident flux of alpha particles upon a 2-dimensional surface after
traversing air at standard pressure (Iair), could be estimated to within ±5%
by,
Iair = 0.9227Ivac − 1.3648 [α/s] (4.11)
where Ivac is the expected flux of alpha particles upon a 2-dimensional surface
in a vacuum. It is assumed that the distance travelled is much less than the
maximum range of an alpha particle in air (x xm).
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Figure 4.20: Alpha spectra taken with a Hamamatsu S1223 Si-PIN photodiode
at -25V. Plot shows alpha spectra in a vacuum and at standard pressure in air
(1013.25 mbar). Source isotope and University of Surrey serial numbers have
been indicated (S47.RG ≈ 3.7 kBq, S217.PH ≈ 60.7 kBq, S037.RG ≈ 185 kBq),
see Table 4.5. Source-to-detector distance was 16mm.
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4.7 Beta Radiation Tests
For beta radiation testing, the equipment depicted in Figure 4.14(a) and the
setup discussed in Section 4.6 were again used. These investigations were run in
a non-vacuum environment in order to protect the radiation source, which may
have been damaged by any large pressure differential (foil window). The D-PC
detectors utilised the bespoke test box described in Section 4.6 as the detector
arrangement was too large for the standard test enclosures. The beta radiation
source details have been given in Table 4.5.
4.8 X-ray and Gamma Testing
(a) X-ray exposure equipment. (b) Gamma exposure system.
Figure 4.21: AWE gamma and X-ray experimental setup.
X-ray
The setup for the AWE X-ray equipment has been shown in Figure 4.21(a). The
X-ray generator was a Pantak device capable of operation up to 300kV and 10mA.
The device was located in a large shielded test room, suitable for a low scatter
environment. The system utilised the ISO 4037 Narrow Spectrum filtration series
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(Table 4.5) with an additional aluminium build-up factor for high energies, as
per [148]. No phantom was used during the investigation.
The test box shown in Figure 4.15(b) was used to house the detectors, with
the D-PC detectors again housed within the bespoke test box mentioned in
Section 4.6. It is worth mentioning at this point that two aluminised-mylar
windows were placed under a drilled cavity in each test box. This was to
ensure minimal shielding for incident ionising photons, while providing sufficient
shielding for optical photons.
All testing was conducted at standard room temperature and pressure,
monitored to be ≈20◦C and ≈1013.25 mbar respectively.
The dose rates quoted were experimentally determined by AWE at 1m and
selectable via a local computer reference program. The majority of the dose rates
were tested at 1m, although one set was taken with the test box as close to the
X-ray generator as possible (i.e. next to the Al build up filter, ≈1.55m from the
generator). As βφ  1, exposure dose rates were estimated via Equation 4.10,
but an experimental check with Thermo Fisher Scientific EPD-BGs seemed to
suggest this technique was valid.
Gamma
The setup for the AWE gamma exposure equipment has been shown in
Figure 4.21(b). The system utilises a Mainance style “pop-up” exposure system,
containing several radiation sources. The system was located in a large shielded
test room, suitable for a low scatter environment.
Different dose rates are achieved by varying both the source and distance,
all of which are selectable and have been experimentally verified by AWE. The
sources used have been summarised in Table 4.5.
During the investigation it was noted that the detection system could become
quite noisy at times and as such there were some variations in the background
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noise spectra or lower level discriminator (LLD) compared to other tests. It
seemed that this was in some way related to the signal cables being close to the
electronic multi-axis tracking table, although loose connections/cables could also
be to blame.
The acquisition software was started once the source was in position.
Positioning of the source was very quick, but there was potential for a few seconds
difference test-to-test. However, from results presented later, no significant
polarisation effects are expected in this time period.
4.8.1 Photon Flux Calculations
Calculating the exact photon fluence incident upon a given surface can be difficult
via theoretical methods. Artificially generated X-rays are emitted as part of a
continuous spectrum, where different energies will undergo different interactions
with matter (Figure 2.10(a)). Filtration helps to refine the energies emitted,
but still results in a broad energy range with relatively unresolved peaks (≈
±15%) [148][149][150].
On the other hand radionuclide gamma sources emit clearly defined energy
peaks, but most sources will have multiple energy emissions, all of which will
again have different matter interactions. Furthermore, emissions from source
capsules can vary significantly from the theoretical emissions suggested by the
activity of the source. Lower energy emissions will be reduced through self
attenuation, where as higher energy sources may be altered due to scattering
from any collimation or shielding.
It is often more common to determine the emissions experimentally by
calibrating the system or source with an instrument directly transferable to
national standards. When distances from the source are sufficiently large, the
incident fluence varies by the inverse square law (Equation 4.10) and can simply
be determined for any position.
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Figure 4.22: ICRU 47 [151][152] ambient dose equivalent (H∗(10)) to photon
fluence (φ) conversion factors against photon energy. Plot also shows a number
of interpolated data points for key energies within this investigation, see Table 4.5.
When a calibration test is undertaken with a dose or dose rate instrument,
further conversion is required in order to know the photon fluence. This can be
achieved by utilising internationally recognised conversion factors such as those
from ICRU Report 47 [151][152]. Here the photon fluence can be determined
for a given energy from the measured ambient dose equivalent (H∗(10)), as
demonstrated in Figure 4.22.
H∗(10) is a dose quantity used for practical monitoring of radiation and
effectively represents the probability of observable health effects in humans caused
by a dose of radiation at a depth of 10mm in soft tissue. It is determined from the
absorbed dose (in Gy) and an internationally defined weighting factor (Wr) [151]
which effectively defines the level of biological damage caused for each incident
radiation type. For example, ionising photons have a weighting of 1, where as
neutrons range from 5 to 20 depending on energy [65]. Therefore neutrons deposit
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5-20 times more equivalent dose per incident particle than ionising photons.
Ambient dose-to-fluence conversion factors for specific energies can be deter-
mined from this data using a simple linear interpolation function, which from
Figure 4.22 can be shown to be close to the expected values. However, additional
care must be taken when considering low resolution emitters (e.g. X-rays) or
multiple emission sources (e.g. 60Co), although in the most part it is possible to
either determine a weighted value (considering the relative emission intensities)
or a mean value with reasonable statistical errors.
4.9 Neutron Radiation Tests
During the course of the investigation, neutron testing was conducted at a number
of facilities, each with slightly different setup and arrangement. In the most part
the detectors were tested in the test box shown in Figure 4.15(b) or the bespoke
test box for the D-PC detector mentioned in Section 4.6. The exposures were at
least 2 hours, with better statistics being achieved for longer exposures (>12 hr).
The acquisition software was started once the source was in position (which could
take up to 30s) however from results presented later, no significant polarisation
effects are expected during this time period.
For all tests the neutron source was free-in-air, meaning there was no
introduced moderation. This therefore maximises the number of fast neutrons
incident upon the detector, while minimising the number of thermal neutrons and
gamma secondaries produced.
Thermo Fisher Scientific
The Thermo Fisher Scientific (Thermo) neutron testing facility at Beenham has
been shown in Figure 4.23(a). The AmBe source (given in Table 4.5) was
manually placed 9.5cm from the edge of the test box. The test box under
investigation was positioned so as to centralise the location of the detector(s)
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(a) Thermo Fisher Scientific,
Beenham.
(b) AWE.
Figure 4.23: Neutron test facilities.
relative to the source. No phantom was used during testing, but for some tests
filters (lead or cadmium) were placed between the source and the test box.
The source itself was not calibrated for neutron emissions, however the
ambient dose equivalent rates were determined with detectors traceable to
national standards. Subsequently the gamma and neutron ambient dose
equivalent rate on the test boxes were determined to be in the order of 2mSv/h
and 4mSv/h respectively.
The Thermo test facility was a low scatter environment, however due to
the proximity of the source to the floor and the wooden test frame (high in
hydrogenous material) thermal neutron and gamma secondaries were likely to be
larger than in the other test facilities used in this investigation.
AWE
The setup for the AWE neutron exposure equipment has been shown in
Figure 4.23(b). The system lifts the desired source from the ground and suspends
it in front of the detectors. The equipment is housed in a large, low scatter room,
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(a) Mono energetic
neutron setup.
(b) Radionuclide neutron setup.
Figure 4.24: NPL neutron test facilities.
reducing both thermalisation and gamma secondaries.
Different dose rates and fluences are achieved by varying both the source
(for 252Cf only) and detector-to-source distance, all of which are selectable and
have been experimentally verified by AWE. The sources used are summarised in
Table 4.5.
NPL
The National Physical Laboratory (NPL) testing was itself broken up into
two types of setup, mono energetic neutrons (Figure 4.24(a)) and radionuclide
neutrons (Figure 4.24(b)). Details of the sources have been summarised in
Table 4.5.
During both sets of tests, the 5 main detectors (Si-PIN, D-SC, D-PC, SiC-EP,
SiC-SI) were irradiated at the same time. This consequently required additional
test boxes, with each detector remaining in the same one for every NPL test. Each
box was placed a similar distance from a centre point within the low scatter test
hall. For radionuclide sources this was 2pi around the source holder at distances
>6cm. For the mono energetic beams this was ≈40-50cm from the accelerator
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head.
At these distances, small positional differences can change the flux and (mono
energetic) neutron energy incident on the detector. Therefore the position of each
test box and the detector within it, were measured as accurately as possible in 3
dimensions, relative to the centre point.
The neutron beam for both source types was very well categorised by NPL,
for energy, dose and fluence. Consequently the neutron ambient dose equivalent
rate (H∗(10)) incident on each detector was known to be in the order of ≈4mSv/h
for the mono energetic sources and was varied from 18mSv/h to 280mSv/h for
the radionuclide sources. The scattering of the neutrons at these short distances
was assumed to be negligible.
A selection of Thermo Fisher Scientific EPD-N2 dose meters were also placed
in the field for each test. These demonstrated that the gamma emissions during
mono energetic irradiations were negligible (<100µSv/h).
As discussed in Table 4.3 the detectors were connected to charge sensitive
preamplifiers within the test hall and close to the test boxes (<15cm BNC cable).
There was approximately 50m of cable between the preamps and the shaping
amplifier (as well as remaining electronics), however this was shown to only result
in a 10% reduction in pulse amplitude and was taken into consideration through
a dedicated calibration for that setup.
4.9.1 Neutron Spectra
For mono-energetic neutron sources the emission energy is very well defined and is
generally within ±1.5% for NPL testing. For radionuclide sources however, there
is a very wide range of neutron energies emitted due to the complex nature of
the interactions occurring. With Cf-252 and AmBe, for example, despite having
an average energy of 2.1MeV and 4.1MeV, neutrons can be emitted with energies
ranging from <0.025eV up to 15MeV and 11MeV respectively [153].
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(a) Neutron source strength energy distribution (BE)
and ionising photon emission intensity (Ig) against
energy (E).
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(b) Neutron source strength lethargy distribution (BE · E)
and ionising photon emission intensity (Ig) against energy
(E).
Figure 4.25: Expected X-ray, gamma and neutron spectra for a 252Cf
source [17][153].
Furthermore, gamma and X-ray emissions may also be present due to inter-
actions within the radionuclide, surrounding material or due to the radioactive
decay itself.
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and ionising photon emission intensity (Ig) against energy
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Figure 4.26: Expected X-ray, gamma and neutron spectra for an AmBe
source [17][153].
The expected neutron source strength energy distribution (BE) for Cf-252
and AmBe, over the range of expected energy emissions, have been given in
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Figures 4.26(a) and 4.25(a) respectively [153],
BE =
dB
dE
(4.12)
where B is the source strength at a given energy. This data has been combined
with the expected ionising photon emissions from the radioactive decay to give
what would be the ideal theoretical neutron emission spectra of each source [17].
The source strength lethargy distributions (BE ·E) for Cf-252 and AmBe have
also been shown in Figures 4.26(b) and 4.25(b) respectively, where BE ·E is given
by [153],
BE · E = dB
ln(E/E0)
(4.13)
The lethargy takes into consideration the initial (E0) and actual (E) energies
of the neutron during interaction. These particular plots demonstrate that the
main ionising photon emissions from the sources are at very low energies relative
to main neutron emissions and as such would be unlikely to add to the neutron
spectra in a detector capable of seeing both gammas and neutrons with high
resolution.
However, these spectra do not take into consideration scattering or in-
teractions from the test environment. Scattering would likely change the
expected neutron spectral distribution, where as reactions with the surrounding
environment would likely add to the non-neutron spectra present (e.g. ionising
photons). Certainly when the range of possible energies for each source and the
neutron reaction thresholds for materials are considered (Table 1.4), it is highly
likely that the actual neutron spectra present will be different to the theoretical
presented in the plots.
4.10 Radiation Sources
The main sources of ionising radiation utilised for this investigation have been
given in Table 4.5.
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Isotope Owner Identifier
Activity
(Bq)
Principle
Emission
Theoretical
Energy
(keV)
Actual
Energy
Variation
in Actual
Energy
Type
241Am UniS S47.RG 3.7k α 5485 3976 2% Disc
241Am UniS S217.PH 60.7k α 5485 3976 20% Disc
241Am UniS S037.RG 185k α 5485 4718 8% Disc
90Sr/90Y UniS S320.PH 178k β−
544/2270
(Max)
- - Disc
ISO-N80 AWE N80 - X-ray 65 - 16% Generator
ISO-N150 AWE N150 - X-ray 118 - 18.5% Generator
ISO-N200 AWE N200 - X-ray 164 - 15% Generator
ISO-N300 AWE N300 - X-ray 250 - 13.5% Generator
137Cs AWE 3 40G γ 661.675 - - Capsule
137Cs AWE 4 608G γ 661.675 - - Capsule
137Cs AWE 5 4.66T γ 661.675 - - Capsule
60Co AWE 6 59.1G γ
1173.237
1332.501
- - Capsule
60Co AWE 7 5.32T γ
1173.237
1332.501
- - Capsule
252Cf AWE 2 20G n <2100> - - Capsule
252Cf AWE 5 - n <2100> - - Capsule
252Cf AWE 2 - n <2100> - - Capsule
252Cf NPL Cf-A Highest n <2100> - - Capsule
241Am/Be Thermo AMN 37G n / γ <4100> - - Capsule
241Am/Be AWE 4 37G n / γ <4100> - - Capsule
241Am/Be NPL AmBe-A Lower n / γ <4100> - - Capsule
241Am/Be NPL AmBe-B Highest n / γ <4100> - - Capsule
T(p,n) NPL 1.2MeV - n 1200 1183 1.5%
Van de
Graaff
D(d,n) NPL 5MeV - n 5000 1183 1.2%
Van de
Graaff
T(d,n) NPL 16MeV - n 16501 1183 0.5%
Van de
Graaff
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Table 4.5: Main ionising radiation sources used during the investigation. The
identifier is unique to each organisation and does not represent the source’s
actual serial number. The definition of activity is again dependent upon
the organisations reference point but has been considered for each calculation
independently.
4.11 Temperature Testing
Temperature testing was conducted at the University of Surrey using the
equipment shown in Figures 4.27(a) and 4.27(b). These tests were conducted
in order to investigate the performance of the detectors over the expected
temperature range of operation for active interrogation (-30◦C to +55◦C from
Section 1.4). This was extended to -60◦C and +100◦C (213K to 373K) in order to
truly determine the limitations of the detectors in harsh temperature conditions.
Detectors mounted on ceramic boards were secured on the Heat / Cool
plate within the cryostat using thermal coupling paste and a physical latch. A
thermistor was also placed within the cryostat such that it was in contact with
the ceramic board and therefore acted as a direct check of the temperature of the
detector during testing.
Due to the mounting of the SiC-SI and Si-PIN detectors (PCB), as well as
the size of the D-PC detector, this testing was limited to the D-SC and SiC-
EP detectors, as well as the SiC-SI-Cr5 sample, which was deemed a suitable
substitution for the SiC-SI detector.
The cryostat was pumped down to a vacuum of 6.4×10−1 mbar for all tests
conducted. The Heat / Cool plate was connected to either an Oxford Instrument
ITC 503 (Serial number E502/319) or Mercury ITC, subject to the requirement
of cooling or heating respectively. For cooling a supply of liquid nitrogen was
pumped throughout the system, with the temperature automatically regulated
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by the ITC 503 instrument. To ensure efficient noise reduction, a mesh cable was
rapped around all external parts of the cryostat and conductivity checked with a
multimeter.
During temperature testing, either the current-voltage or alpha radiation
spectroscopic response was checked at each temperature using the methods and
equipment discussed in Sections 4.3 and 4.6 respectively. A minimum of 15 mins
of temperature stabilisation time was allowed for each test. Due to polarisation
effects, the detectors were again given at least 15 mins of light while under 0V
bias (at room temperature) between each test.
For tests requiring an alpha source, the adjustable platform shown in
Figure 4.14(a) was utilised, as was Am-241 source S217.PH (Table 4.5). This
particular source was capable of being cooled to cryogenic temperatures and being
heated to +200◦C without damaging the capsule.
(a) Schematics of vacuum cryostat. (b) Setup.
Figure 4.27: Temperature test setup at the University of Surrey.
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Prior to determining the performance of the detectors for active interrogation
applications, the electrical and radiological capabilities of each detector were
investigated. As well as defining the optimum settings for operation, the aim
of this work was to characterise the radiological performance and select the most
suitable detectors from each material group for further investigation.
5.1 Current-Voltage
5.1.1 SiC Detector Fabrication
As discussed in Section 4.3, during each stage of the fabrication process for the
Norstel and Cree samples, a current-voltage measurement was acquired, as shown
in Figure 5.1. This testing demonstrated the effect of the fabrication process on
the leakage current of the final detector.
Most of the graphs show an increase in the leakage current as the fabrication
process moves from wafer to bonded detector, however it is possible that this
is a reflection of the quality of the contact during the actual testing (i.e. using
conducting foam) rather than the contacting process. With the exception of
the ‘Detector’ tests, each observation was taken using conducting foam. As this
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Figure 5.1: Current-voltage relationship for Cree and Norstel semi-insulating SiC
samples fabricated at the University of Surrey. Samples had either Schottky (S) or
Ohmic (O) contacts and were annealed (a) as per the fabrication process described
in Section 4.1. The settling time following bias change was 100s and 10 samples
were taken at each bias.
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does not provide the same level of adhesion as a metallic contact (i.e. at the
atomic level) it is possible that the foam added to the barrier height and therefore
decreased the flow of detectable current. Therefore a lower current would be
observed for a foam-sample-foam test compared to a foam-metal-sample-metal-
foam test.
Furthermore, the foam is likely to have a lower overall contact area relative to
a solid metal contact due to the nature of the foam structure. From Equation 3.17
a lower overall current would therefore be expected when using foam contacts.
That being said, these tests do highlight like-for-like comparisons at each stage
of the process, particularly the benefit of annealing the detectors. A reduction
in the current and seemingly an improvement in the stability of the current-
voltage relationship following the annealing process is clear on each detector.
Furthermore, it shows that the Cree material provides a lower leakage current
over a wider range of biases than the Norstel material.
Despite Schottky barrier contacts being applied to both the Cree and
Norstel samples, there is not a clear Schottky relationship present as would be
expected from Section 3.5. Certainly attempted calculations of the ideality factor
(Appendix A) showed the values are well outside of the ideal region of between
1.01 to 1.20 [78], giving in the order of 5-10. This would be generally expected as
a true Schottky barrier would need significantly more doping than that present
in the semi-insulating material [78]. However, the leakage-current relationship
certainly isn’t perfectly symmetrical and the comparison of the Norstel Schottky-
Ohmic detector to the Ohmic-Ohmic detector does show a lower current over the
range of biases testing, potentially suggesting some form of blocking mechanism.
5.1.2 Semi-insulating SiC Detector Comparison
Figure 5.3 shows the current-voltage relationship for all semi-insulating SiC
detectors investigated (mounted and bonded). Table 5.2 gives the resistivities
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of these materials, calculated from a straight line fit of leakage current between
±5V (for 0.1V steps) as described in Equation 3.18.
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Figure 5.2: Current-voltage relationship for the main semi-insulating SiC
detectors under test. The inset graph shows the current density relationship,
where the observed current has been normalised to the contact area of the detector.
The settling time following bias change was 100s and 10 samples were taken at
each bias.
The GeneSiC detector (SiC-SI) showed the lowest leakage current over the
range of biases tested. However, the other Cree samples fabricated at the
University of Surrey demonstrated only 2-7 times higher current (at worst) and
were well within the same order of magnitude, suggesting that the University of
Surrey fabrication technique was comparable to the commercial GeneSiC method.
This is of course under the assumption the bulk material was similar, but as
both wafers were grown by Cree and the calculated average resistivities for each
material were within the same order of magnitude (0.533±0.005 × 1013Ω·cm for
SiC-SI and 4±4× 1013Ω·cm for all five SiC-SI-Cr detectors, shown in Table 5.2)
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this assumption seems reasonable.
It was noted that the earlier fabricated samples, where contact peeling
occurred (SiC-SI-Cr1 and SiC-SI-Cr2), had slightly higher leakage currents than
the detectors fabricated with the thorough cleaning technique described in
Section 4.1. It would therefore suggest that the enhanced cleaning method allowed
for better adhesion (no peeling) without affecting current-voltage performance.
However, it should also be noted that despite these adhesion issues and the
subsequent abrasive polishing that was required, SiC-SI-Cr1 and SiC-SI-Cr2 still
operated reasonably and had only a marginal increase in leakage current. This
potentially alludes to the robust nature of the SiC material and suggests that
rigorous detection fabrication methods may not be as necessary for this material,
i.e. the leakage current is related to the bulk material rather than the contact
fabrication.
That being said, there is a clear difference in the two Norstel samples tested,
SIC-SI-8x9 fabricated at the University of Surrey and SiC-SI-2SN fabricated at
Cambridge Microfab. As the calculated resistivities over the ±2V region of the
two samples are within the same order of magnitude (certainly when considering
the variation in the SIC-SI-Cr samples and lack of guard rings) 0.57±0.01 ×
1013Ω·cm compared to 2.12±0.01 × 1013Ω·cm respectively. It is likely this is a
result of either surface impurities or, more likely, the contact material dictating
the space charge region across the interfacial layer between the semiconductor and
metal, as discussed in Section 3.5. The Nb-SiC-Nb contact is likely performing
similar to the Ohmic-Ohmic sample discussed in the previous section (SiC-SI-
8x9-OO).
Although the Norstel SiC-SI-8x9 detector demonstrated similar resistivity and
comparable leakage currents to the Cree material at lower biases, the breakdown
point of all the samples tested seems to occur a lot earlier in this material relative
to the Cree detectors. It is possible this was related to the burnt photoresist and
subsequent abrasive polishing of the sample.
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For all the semi-insulating SiC material, the calculated resistivities were
significantly higher than that given by the manufacturer. The calculated Cree
and Norstel resistivities were in the order of 1013Ω·cm, whereas the manufacturer
quotes this material as 1×109Ω·cm (Appendix E) and 7×1011Ω·cm (Appendix D)
respectively.
This is more likely to be related to differences in the setup between each
institution as opposed to the method used in this investigation, particularly as the
diamond samples tested in the same manor had similar resistivities to published
data, as will be discussed in the following section.
5.1.3 Active Interrogation Detectors
The current-voltage characteristics of the main detectors selected for the active
interrogation characterisation have been shown in Figure 5.3. In addition to
this, the resistivities of the diamond detectors and semi-insulating SiC have been
given in Table 5.2. The resistivities of the SIC-EP and Si-PIN detectors were not
determined as the more complex doping and contact arrangement did not reflect
the simplified geometry required for Equation 3.18.
All the detectors under test showed very good leakage currents over the ranges
tested, in the order of nA, which would suggest good operation for radiation
detection applications [65].
As would be expected for a wide band gap detector, the diamond samples
demonstrated the lowest leakage current over the range of biases tested. The
D-PC detector provided a lower and more stable leakage current compared to
the D-SC, which is a reasonable observation when considering the calculated
resistivities of the two materials 2±1×1015Ω·cm compared to 7.1±0.2×1012Ω·cm
respectively. It should be noted that the larger error in the D-PC value is likely
a result of the observed low leakage currents over the tested range (±5V) being
at the limits of detectability of the picoammeter, in the order of fA. Therefore
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Figure 5.3: Current-voltage relationship for the detectors characterised for active
interrogation applications. The inset graph shows the current density magnitude
relationship, where the observed current has been normalised to the contact area
of the detector. The settling time following bias change was 1s and 10 samples
were taken at each bias.
there could be a relatively large variation from reading-to-reading, subject to the
stabilisation period.
The measured resistivity of the D-PC samples was in good agreement with
the published values for the same material by Schirru et al. (1.4×1015Ωcm) [62]
validating the test and calculation methods. Similarly the resistance at a given
bias (+220V) for the D-SC sample was in good agreement with values published
by Abdel-Rahman et al. [142] on the same detector, 0.76±0.06×1014Ω compared
to 2.2×1014Ω respectively.
The leakage current of the SiC-EP detector demonstrated the expected
Schottky barrier response, with low leakage current at negative biases and a
rapid increase (conductivity) with small positive biases. The response was also
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similar to that reported by Bruzzi et al. in the RD50 collaboration [135] for the
same detector type.
The Si-PIN also performed similar to the manufacture’s expected response
shown in Appendix C, particularly when longer stabilisation periods were utilised
(>100s), this was in order of 0.1nA at -10V.
5.1.4 Temperature
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Figure 5.4: Current magnitude (I) against voltage (V ) as a function of
temperature. Suffix ‘C’ and ‘H’ represent the cryostat used for cooling and heating
respectively. Data was taken at 293K for both cryostats in order to compare. All
testing was conducted at 6.4×10−1mbar., with 10s between each bias step and 10
readings taken per sample.
The temperature dependence on the current-voltage characteristics for the
D-SC and SiC-SI-Cr5 detectors has been demonstrated in Figure 5.4. With
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the exception of the 253K reading for D-SC, the leakage current increases as
temperature increases for both detectors. Even up to 373K (+100◦C) the leakage
current was still <1nA for D and <10nA for SiC, which is still well within that
considered an acceptable level for radiation detectors [65].
The test system used for this investigation was quite susceptible to noise
interference and comprehensive grounding between all components was required
in order to provide a good Faraday cage and low leakage currents. It is believed
that the 253K reading for D-SC was related to insufficient grounding during this
particular test. However, there are a number of features which become apparent
at different temperatures and another process cannot be fully ruled out.
For D-SC it seems that the positive bias breakdown voltage decreases as the
temperature decreases (i.e. breakdown earlier) and the current-response becomes
less symmetrical. Conversely the SiC-SI-Cr5 detector gets less symmetrical
as temperature increases, with an unusual current ‘peak’ appearing at higher
temperatures with low negative bias. Furthermore there is a significant increase in
the current for positive bias, relative to the negative bias, at higher temperatures
(>293K).
2 0 0 2 5 0 3 0 0 3 5 0 4 0 0
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3 0 0
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I i / I
293
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Figure 5.5: Variation of leakage current (Ii) relative to current at 293K (I293K)
with ±400V applied bias for D-SC and SiC-SI-Cr5.
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These observations seem to suggest that the increase in temperature empha-
sises the ‘features’ of the contact material used. So, the D-SC detector becomes
more ohmic, where as Schottky blocking seems to be apparent in the SiC-SI-
Cr5 detector. Certainly the additional current at higher temperature reduces the
observed variation in the current-voltage relationships, with higher temperatures
producing smoother curves.
The current-voltage relationship of the SiC-SI material becomes very noisy
at low temperatures, suggesting the limit of detection for the test equipment.
However, the D-SC is very stable at these temperatures and demonstrates seeming
lower leakage currents at all levels.
The SiC-SI-Cr material was shown to have a higher resistivity than the D-SC
sample, so a large variation in low temperature readings would seem logical as the
picoammeter would be at the limits of detection. Furthermore the resistivity was
calculated over a low bias range (±5V) as this is a better reflection of the true
resistance of the bulk material. As the magnitude of the biases increases, surface
leakage currents and contact potentials become increasingly important [96][97]
but due to the higher resistivity of the material itself, small changes in the current
as a function of bias are difficult to measure leading to the observed variation.
Using Origin fitting functions with a Levenberg Marquardt iteration function,
for ±400V the current (I) was found to increase exponentially via equation,
I = I293 · A+/− · exp
( −Eg
a+/− · kT
)
(5.1)
where I293 is the current at 293K and T is the temperature. A and a are
characteristic values of the material under positive or negative bias, with values
given in Table 5.3. Eg and k are the band gap energy and Boltzman constant
respectively (in eV ) as the relationship was found to closely follow the equation
for intrinsic carrier concentration temperature dependance (Equation 3.1).
As can be seen from Figure 5.5, although the fit of the equation was reasonable
(R2 = 0.99), further data is required over a range of temperatures and bias values
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to confirm this relationship.
Detector A− a− A+ a+
D-SC 18±2×107 11.4±0.6 3.7±0.4×107 12.0±0.8
SiC-SI-Cr5 9.95±0.09×1010 5.16±0.02 6.68±0.04×1011 4.79±0.01
Table 5.1: Constants for Equation 5.1, determined from empirical Origin curve
fitting software with Levenberg Marquardt iteration function.
The SiC-EP detector demonstrated increased leakage current as the temper-
ature increased, as would be expected, with values in the region on µA being
demonstrated in Figure 5.6. This would potentially suggest noise issues at
higher temperatures for this detector, however at 0V the performance was very
consistent.
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Figure 5.6: Current magnitude (I) against voltage (V) as a function of
temperature for SiC-EP. Suffix ‘C’ and ‘H’ represent the cryostat used for cooling
and heating respectively. Data was taken at 293K for both cryostats in order to
compare. Conducted at 6.4×10−1mbar.
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5.2 Capacitance-Voltage
5.2.1 SiC Detector Comparison
As demonstrated in Figure 5.7, the capacitance-voltage relationship of the high
resistivity, low doped materials (D and SiC-SI) is constant over the range
of biases tested when using the University of Surrey equipment. This is a
reasonable observation as the low carrier concentration and high resistivity of
theses materials will ensure the rate of charge build up within the detectors will
be minimal as the bias is changed. In simplified terms, as there are few charge
carriers and flow of current is low, it will take significantly longer to observe a
change in the capacitance caused by a change in bias (δQ = CδV ) [78][98]. In
reality impedance and frequency are also important factors, but at the limits
of the LCR detection system (99×106Ω and 1MHz respectively), changes in the
voltage would still be difficult to observe in a reasonable time period.
Therefore the maximum capacitance of the semi-insulating SiC material has
been given in Table 5.2. The capacitive density (normalised to contact size)
is similar for all the semi-insulating SiC material with similar sized contact
areas. This observation seems logical as both Norstel and Cree (and therefore
GeneSiC) report the wafers as nominally undoped (trace impurities only) hence
the capacitance is essentially a function of the dielectric constant of SiC and the
contact size (Equation 3.19), assuming the same material thickness.
Similarly, as the size of the contacts increases the capacitance increases, as
would be expected [65]. This would suggest that for these low impurity detectors,
the depletion width becomes a function of the detection area. These values have
also been presented in Table 5.2.
The calculated depletion thickness for each detector is generally less than
than the maximum thickness of the detector, but the values presented seem
reasonable as they are less than the total thickness of the material and are in
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a similar region of magnitude. Due to the low doping of these materials, full
depletion over the entire detector would generally be expected, however there
will be a level of unavoidable parasitic capacitance within the measurement
system (caused by components, cables, track lengths etc) which will add to the
overall capacitance measured, decreasing the maximum depletion width possible
(Equation 3.19). The effect of the parasitic capacitance will likely be emphasised
for low capacitative materials, such as undoped SiC and D, leading to the large
deviation from that expected and the significant variation between samples.
5.2.2 Active Interrogation Detectors
The capacitance density-voltage relationship of the main detectors selected for
the active interrogation characterisation has been shown in Figure 5.7.
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Figure 5.7: Capacitance density dependance upon the applied reverse bias at
1MHz. TB represents data taken with the high voltage capacitance test box.
The SiC-EP (ø5mm) detector gives around 309.6±0.5pF at -30V when tested
directly with the LCR meter, which is in excellent agreement with the testing
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conducted on the similar detector by Bruzzi et al. as part of the RD50
collaboration [135]. However, the RD50 testing shows a capacitance plateau of
33pF at around -120V to -150V which is not apparent in either the direct LCR
results or the high-voltage test box results. There is a clear reason for this with
respect to the LCR (±40V limit), but when considering the test box it seems to
point to potential inaccuracies for high bias settings, where it seems to plateau
above -10V.
There is also an increase in capacitance when using the test box, relative to
direct LCR measurements, for most of the detectors. This is highlighted from the
Si-PIN detector (13mm2) where the manufacturer quotes a typical capacitance of
20pF at -20V. Within this investigation the LCR meter gave 26.0±0.1pF at -20V,
whereas the test box gave 49.5±0.1pF. This capacitance increase could potentially
be related to the capacitors within the box or even just parasitic capacitive issues
related to the additional wiring, connections etc.
When comparing the D-PC capacitance to that presented by Schirru et al. [62]
on the same detector (extrapolated to detector size of 132mm2) there is less of a
deviation, 34.3±0.1pF compared to a calculated 21pF respectively.
As discussed above in the previous section, the high resistivity, low doped
materials (D-SC, D-PC and SiC-SI) show a constant capacitance over the range
of biases tested when using the University of Surrey equipment. The D-PC and
D-SC detectors have similar capacitance densities (all be it in the test box) again
highlighting that for low doped material the capacitance is essentially a function
of the dielectric constant of that material.
Furthermore, the calculated depletion widths for D-SC, D-PC and SiC-SI
(Table 5.2) again seem reasonable as they are less than the total thickness of
the material and are in a similar region of magnitude, with deviations from the
total thickness likely down to the parasitic capacitance of the overall measuring
system.
135
5 - Detector Characterisation
5.3 Alpha Radiation Spectroscopy
As alpha radiation has a relatively small penetration depth into Si, SiC and C
(≈28µm, 18µm and 14µm respectively for Am-241 5485keV alphas [154]) it can
fully be absorbed within the detector. It therefore acts as an ideal radiation
source for measuring the charge collection and efficiency characteristics of these
semiconductor detectors.
Furthermore, as most neutron interactions result in the formation of a
charged ‘heavy’ particle, alpha radiation can act as a good analogy of neutron
interaction products, particularly when thermal neutron conversion layers need to
be considered. Consequently all the detectors under test have been characterised
for alpha radiation spectroscopic response in order to determine the potential
capabilities of the detector for the active interrogation application.
5.3.1 Active Interrogation Detectors
All of the detectors under test showed distinguishable alpha spectra as demon-
strated in Figure 5.8, with the resolution above background noise improving as
the bias increases. However, for the D-SC, D-PC and SiC-SI, it was noted that
the detectors suffer from polarisation effects during alpha irradiation, that being
a change in the spectroscopic response (both peak position and count rate) with
time, as demonstrated in Figure 5.9.
Ideally the peak position within the spectrum gives the best indication of
polarisation stability, as it is irrespective of the lower level threshold. However,
as the determination of peak position was quite difficult for some of the D-PC
tests (particularly when at standard pressure) and the error in the peak position
was very large for all detectors when the peak position moved into lower energies,
the variation in the count rate has been used, as demonstrated in Figure 5.9.
The count rate is the total number of counts in the spectrum above a given
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Alpha sources were S037.RG (Am-241, 185kBq) for SiC-EP and S47.RG (Am-
241, 3.7kBq) for all other detectors.
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threshold, divided by the time taken to acquire them and in many regards is
subjective, as changes in the channel number caused by the threshold setting may
significantly change the count rate, particularly for noisy detectors (i.e. where
the threshold cuts into the low energy noise). In the interests of fairness for this
study, the threshold was generally selected to be 1 channel above the point where
the background or noise spectrum was less than 1 count per second (cps). For
most of the detectors, the main bulk of counts are in the alpha peak and therefore
the count rate variation does represent a reasonable analogy of the peak position.
As would be expected, the Si-PIN detector was stable during testing, with the
observed variation in response being purely down to counting statistics for the
timing period used during analysis. The SiC-EP detector was also stable during
this investigation, agreeing with literature [27][130][136].
There was less variation with this detector relative to the Si-PIN as a larger
activity alpha source was used for this test (S037.RG, Am-241, 185kBq), thus
improving counting statistics. The lower activity alpha source used for the other
detectors (S47.RG, Am-241, 3.7kBq) was not available at the time of this test and
when it became available, the SiC-EP had started demonstrating the operational
issues below -14V discussed in Section 4.2 and a full data set could not be
obtained.
For D-SC, D-PC and SiC-SI, polarisation affects were noted and in all cases
the rate of polarisation decreased (i.e. took longer to polarise) as the bias was
increased. This is a reasonable observation as the higher fields give the created
charge carriers sufficient velocity both to overcome the space charge effect caused
by the trapped charge and to avoid being trapped themselves.
The rate of polarisation was larger (i.e. was quicker to polarise) for positive
bias in the D-PC and SiC-SI detectors when compared to negative bias. As shall
be discussed later, this is likely a result of the lower mobility lifetime product
for holes relative to electrons in each material (see Table 5.2), i.e. more applied
electric field is required to give sufficient velocity to avoid trapping.
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Figure 5.9: Count rate variation against time as a function of bias. All detectors
were tested as per the methods described in Section 4.6. Alpha sources were
S037.RG (Am-241, 185kBq) for SiC-EP and S47.RG (Am-241, 3.7kBq) for all
other detectors.
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For D-SC however, the positive bias polarisation was similar to the negative
bias rate and for the case of lower biases had a lower polarisation rate. Again, as
shall be discussed later, this is likely to be a result of the increased hole mobility
lifetime product relative to electrons in this material (see Table 5.2). It should
be noted that the increased count rate variation (1) for several points at +40V
and +300V was a result of a slight movement in the D-SC detector during testing.
Overall Figure 5.9 (and the discussion in Section 6.2.1) suggested that the data
from the first 200s would give the optimum representation of the D-SC and D-PC
detectors. Similarly data for the first 200s should be used for SiC-SI detectors
under positive bias, whereas data after 800s should be used for the SiC-SI under
negative bias, as an increase in peak position was observed. It should be noted
though, that a seemingly stable count rate may just represent a peak that is far
from the threshold or is polarising slowly. As such both the peak and count rate
were considered when selecting the optimum time period for the data presented
in Figure 5.8.
Within Figure 5.8 the count rate of each detector has been normalised to
the incident radiation flux to give a better indication of the relative sensitivity.
Due to the resolution of the bias supply used, it was not possible to display the
positive bias alpha spectra for the Si-PIN detector, whereas for the Si-EP it was
largely a constant spectrum with an increase in noise at each bias setting and
therefore difficult to distinguish.
The Si-PIN detector and D-SC detector demonstrated suitable resolution
in order to distinguish the trailing edge of the alpha source used (S47.RG in
Figure 4.16). As the alpha source used for these tests was not externally plated
with Am-241 this trailing edge is a result of interactions with the emission window
of the source and subsequent lower energy alpha particles. The same feature is
partially visible in the SiC-SI detector under large negative bias, but as it is less
clear, it may well be lost due to polarisation.
This trailing edge feature is not visible in the SiC-EP detector as it was tested
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with the higher activity alpha source (S037.RG, Am-241, 185kBq) which does not
have a trailing edge, but the detector did demonstrate comparable resolution
relative to the Si-PIN detector response to the same source in Figure 4.16.
Furthermore, despite the operational issues found within this detector the results
presented show that the SiC-EP is still suitable for alpha radiation detection with
0V bias.
From the data presented in Figure 5.8 it is possible to show the effect of applied
bias on the charge charge collection efficiency (CCE) and intrinsic efficiency
(count rate/incident radiation flux), as depicted in Figure 5.10
The Si-PIN detector shows 100% CCE and intrinsic efficiency over the
majority of the bias range tested, as would be expected from the literature [65].
Relative to Si-PIN, the D-SC shows the best alpha spectroscopy performance
with 100% CCE and intrinsic efficiency from around -200V. This detector also
shows 100% CCE above +200V, but the intrinsic efficiency is limited to 60-70%.
It is very likely that this reduction in intrinsic efficiency is simply related to a
slightly higher noise threshold level during the positive bias testing due to an
observed increase in the low energy interference due to poor electrical continuity.
Using the simplified versions of the Hecht equation (Equations 3.13 and 3.14)
the mobility lifetime products of the electrons (µeτe) and holes (µhτh) in D-
SC were determined to be 5.6 ± 0.1 × 10−5cm2V−1 and 6.1±0.3 × 10−5cm2V−1
respectively. Overall this performance is in good agreement with the results
presented by Abdel-Rahman on the same material [143], with µeτe = 3.45 ±
0.89×10−5cm2V−1 and µhτh = 8.6±3.6×10−5cm2V−1 with deviation more than
likely due to the methods of fitting the Hecht approximation.
Despite the capacitance of the SiC-EP suggesting a depletion width from
1.3µm to 50µm1 over the range 0V to -120V, the intrinsic efficiency was relatively
constant at around 80-90%. As the penetration depth of 5485keV alpha particles
1Assuming the capacitance extends to 33pF as per the work of Bruzzi et al. [135].
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been plotted, as per Equations 3.13 and 3.14.
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in SiC is in the order of 18µm from SRIM2013 [154], this result seems unusual.
From Figure 2.2 it would be expected that the majority of the energy deposition
would occur outside of the depletion region for 1.3µm, however charge created
outside the depletion region can still diffuse into the sensitive region and be
collected.
Furthermore the CCE varies from 32% to 65% over the same range. From
the literature this again seems unusual as 100% CCE and intrinsic efficiency
would be expected [130][39], however the CCE does seem to be in agreement
with the work conducted by Bruzzi et al. as part of the RD50 collaboration [135]
which suggests a maximum CCE of 75% over a similar bias range for a number
of detectors from the same wafer. As such, it is possible that both the intrinsic
efficiency and CCE are related to either an unusual depletion region location
(i.e. starting 16-17µm into the material) or some form of physical defect in the
material which limits the functionality (e.g. micropipe). The latter conclusion
may also explain the erratic behaviour of the detector during the investigation.
However in contrast to this, from Figure 5.10 the SiC-SI detector shows an
increase in intrinsic efficiency with negative bias up to a maximum of 100%,
despite a maximum CCE of 35% over the same range.
The minimum depletion width suggested by the capacitance measurement
(94µm) is more than sufficient relative to the alpha penetration depth and does
not vary significantly with bias. Therefore the low CCE and high intrinsic
efficiency (i) is likely a result of the incomplete charge collection (e.g. one charge
carrier is registered or counted, the other is trapped).
In contrast to these results, the work conducted by Ruddy et al. on the same
detector type [127] showed a CCE of 27% at a maximum bias -400V, which is
in good agreement. It was proposed in that work that the maximum bias was a
limit of the package the detector was mounted in. It should however be noted
that during this project this detector achieved ≈60% CCE at -900V during early
characterisation.
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These higher operational limits were not easily achievable towards the end
of the project due to increasing noise at higher biases (around -600V to -700V).
This could possibly be a reflection of the total radiation dose received to the
detector and mounting (discussed in Section 5.4), but it is more likely due to the
manipulation of the detector during testing adding surface impurities (grease or
dirt) and / or the re-mounting of the bond wire due to damage.
Regardless, the calculated mobility lifetime products were 3.77 ± 0.01 ×
10−6cm2V−1 and 0.34±0.01×10−6cm2V−1 for the electrons and holes respectively.
The ratio of the mobility lifetime products (µeτe/µhτh) is in good agreement with
the expected SiC electron-hole mobility ratio (µe/µh) presented in Table 1.6,
11 compared to 9-16 respectively. The lower hole mobility lifetime product
likely corresponds to the observed increased polarisation rate demonstrated in
Figure 5.9 and the lower intrinsic efficiency observed in Figure 5.10, as it is more
likely that charge carriers will be trapped in the material.
Finally the D-PC detector demonstrated a very small charge collection
efficiency of approximately 4% and only 30-35% intrinsic efficiency for both
positive and negative bias, corresponding to mobility lifetime products of 8.0 ±
0.9×10−8cm2V−1 and 6.7±0.7×10−8cm2V−1 for electrons and holes respectively.
It should be noted that, unlike the other detectors, the alpha peak was only
achievable in a vacuum due to a combination of rapid polarisation and the broad
range of alpha energies swamping the lower channels following interactions in air.
Although biases up to -900V were achieved during testing (in air), the CCE
and intrinsic efficiencies seem to plateau below -400V demonstrating the charge
carrier saturation velocity of the detector (∼10kV/cm [155]). As previously
mentioned in Section 4.2, although high biases could be achieved with both
the D-SC and D-PC detectors, the ‘stability’ of these particular detectors was
questionable below -400 to -500V. The D-PC detector produced a clear ‘peak’
in air at high bias, even if a source was not present (possibly air ionisation).
Similarly, operation of the D-SC led to an eV 550 charge sensitive preamplifier
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being permanently damaged.
In fact, for all detectors under investigation the operational biases used
(Table 5.3.2) were more a practical limitation rather than a limitation of the
material itself, with all detectors acquiring greater background noise in a non-
vacuum environment below -500V.
5.3.2 SiC Detector Comparison
The alpha spectra as a function of applied bias have been shown in Figure 5.8
for some of the key semi-insulating SiC samples investigated.
It is very interesting to note that, when comparing all the SiC detectors
fabricated with the University of Surrey Schottky-Ohmic technique very similar
normalised count rates and resolutions (varying from 4% to 11%) were obtained,
despite clear differences in the material quality for Cree and Norstel (i.e. peak
position), the differences in contact size, as well as the noted contact peeling
issues on SiC-SI-Cr1. Furthermore comparison to the SiC-SI detector shows that
the fabrication technique used at the University of Surrey produced a similar
detection performance (≈nA leakage current, <3% resolution) to that presented
in the literature, again validating the fabrication method.
The SiC-SI-Cr4d does show sightly different behaviour for -200V and -300V,
as well as a clear alpha peak trailing edge. The -200V and -300V behaviour
was due to a slight movement of the detector during testing. The trailing edge
width of 750keV is comparable to that seen for the Si-PIN and D-SC detectors
in Figure 5.8, suggesting this detector is capable of a reasonably resolved alpha
spectra for the source used (S47.RG, Am-241, 3.7kBq). It is likely this is due to
spectra not being swamped because of polarisation as this detector will have a
lower polarisation rate relative to the other detectors due to the smaller contact
area and the subsequent reduction of incident alpha particle flux.
Comparing the two Norstel samples clearly shows the effect of different
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Figure 5.11: Count rate, normalised to incident flux, against energy, as a function
of bias for semi-insulating SiC detectors. All detectors were tested as per the
methods described in Section 4.6. Alpha sources used was S47.RG (Am-241,
3.7kBq).
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contact materials and/or techniques on the normalised count rate, but again
it is interesting to note the similar peak positions. In fact, when looking at
Figure 5.12 and Table 5.2, the CCE and mobility lifetime products are similar
for the two Norstel samples, regardless of fabrication methods, contact material
or size, highlighting that these characteristics are a fundamental property of the
material.
As well as affecting the current-voltage and capacitance-voltage characteris-
tics, as discussed in Sections 5.1 and 5.2, Figure 5.12 shows that the contact
size affects the intrinsic efficiency of the detectors when comparing the SiC-SI-Cr
samples. In short, a smaller contact area leads to larger intrinsic efficiency per
unit bias. Although this seems in contradiction to the depletion widths calculated
in Table 5.2 (larger area, deeper depletion width) this is logical as the smaller
depletion widths are still larger than the alpha penetration depth (18µm from
SRIM [154]) but the bias required for the created carriers to traverse this narrower
depletion region would be less.
In contrast to this, the comparison of the Norstel samples highlights how the
different contact material and/or fabrication technique can significantly reduce
the intrinsic efficiency, irrespective of the smaller contact area, with a significant
reduction observed for the SiC-SI-2SN sample.
With the exception of the SiC-SI and SiC-SI-Cr3 detectors all the semi-
insulating SiC-SI failed to show clear alpha spectra over most of the positive
biases tested. For some of the Cree samples, alpha signals began to appear at
higher biases, but at a significantly lower count rate.
5.3.3 Stability
The polarisation rate as a function of bias has already been demonstrated in
Figure 5.9, that being as the bias increases the rate of polarisation (time taken for
the peak and/or count rate to change) decreases. For a given bias, the polarisation
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Figure 5.12: Charge collection efficiency (CCE) and intrinsic efficiency against
bias. For detectors with suitable geometry assumptions a simplified Hecht fit has
been plotted, as per Equation 3.13.
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Detector
Typical
Operating
Bias
(V)
Leakage
Current
Density
(nA/cm2)
Resistivity
(Ω·cm)
Capacitance
Density
(pF/cm2)
Depletion
Width
(µm)
CCE
(%)
µeτe
[ µhτh ]
(cm2V−1)
Si-PIN -25 -8.0±0.1 - 196.1±0.1 53.6±0.1 100±3 -
SiC-EP 0 -6560±1 - 6474±1 1.3 ±0.1 32±6 -
SiC-SI -400 -0.08±0.02 0.53±0.01× 1013 90.6±0.1 94.7 32±2
3.77±0.01× 10−6
[0.34±0.01× 10−6]
SiC-SI-2SN -400 -8.0±0.1 0.57±0.01× 1013 - - 12±3 2.8±0.2× 10−7
SiC-SI-8x9 -400 -1.8±0.5 2.12±0.01× 1013 40±1 211±1 7.1±08 2.0±0.1× 10−7
SiC-SI-Cr1 -400 -2.9±0.1 4.9±0.1× 1013 32 .3±0.1 265.8±0.1 18.3±01 5.5±0.9× 10−7
SiC-SI-Cr2 -400 -1.4±0.1 0.45±0.01× 1013 43.9±0.1 195.2±0.1 17.9±0.5 5.6±0.3× 10−7
SiC-SI-Cr3 -400 -0.8±0.1 5.8±0.1× 1013 41.8±0.1 204.9±0.1 11.8±2 3.6±0.2× 10−7
SiC-SI-Cr4 -400 -4.2±0.1 12±2× 1013 94.7±0.1 90.7±0.1 14.4±8 5.2±0.2× 10−7
SiC-SI-Cr5 -400 -2.7±0.1 0.44±0.01× 1013 77.4±0.1 110.9±0.1 16.5±0.6 5.6±0.3× 10−7
D-SC -200 -0.077±0.009 7.1±0.2× 1012 17.4±0.5 279.74±0.009 95±8
5.6±0.1× 10−5
[6.1±0.3× 10−5]
D-PC -400 -0.011±0.003 2±1× 1015 25.77±0.03 188.85±0.03 3.5±0.9
8.0±0.9× 10−8
[6.7±0.7× 10−8]
Table 5.2: Key performance criteria of the detectors under test. The leakage current
density, capacitance density, calcualted depletion width and calculated CCE were all
taken at the typical operating bias.
effect can be seen in Figure 5.13 for alpha particles. It is clear for the D-SC, D-PC
and SiC-SI detectors that the alpha energy peak position and count rate decreases
as the irradiation time increases.
For D-SC, the polarisation effect is slightly different. Rather than steadily
moving to lower energies, the alpha spectra seems to produce two energy peaks,
one at maximum2 (Pmax) and one at 50% of maximum (P50). During the initial
stages of irradiation, the majority of counts exist in Pmax. As the irradiation
continues, counts seem to transfer from Pmax to P50, up until the point by which
P50 represents the full spectra and is stable, a characteristic also demonstrated
by Souw and Meiluna [156] with a lower resolution detector.
This observation demonstrates priming, whereby the traps within the material
are steadily filled with the created charge carriers until they reach saturation
point, after which a stable field, and therefore spectrum, is maintained.
2Dictated by the bias setting
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Figure 5.13: Count rate (I) against energy (E) for Am-241 alpha particles
(S037.RG, 185kBq) as a function of irradiation time. Apart from D-PC, all tests
were at 8×10−2mbar. Applied bias was as per Table 5.2. Spectra were cleared
every 30s.
The existence of these two spectrum ‘states’ during irradiation is a result of the
relatively good mobility lifetime product ensuring that the electrons and holes are
capable of traversing the detector quickly enough to avoid a significant amount of
trapping, even with an altered space charge region caused by the charge carriers
that do get trapped. The lower peak (P50 in this example) represents the lowest
polarisation point, where as this point is below the noise threshold for the D-
PC and semi-insulating SiC detectors. Interestingly this process also temporarily
decreases the count rate in D-SC, with further irradiation resulting in it returning
to the initial rate, as demonstrated in Figure 5.14.
Figure 5.14 also shows how the polarisation rate changes as a function of the
incident alpha radiation flux. As might be expected, as the alpha flux increases
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Figure 5.14: Count rate variation (I/I0) against time as a function of Am-241
alpha source activity (i.e. incident flux). Sources were S47.RG, S217.PH and
S037.RG respectively. Biases given in Table 5.2.
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(here represented by the activity of the alpha source) the rate of polarisation
increases due to an increase in the number of charge carriers created and therefore
trapped in the material. Conversely, as the polarisation rate increases the time
to reach 80% of the original count rate (t80) decreases.
As shown within Figure 5.15(a) the decrease in t80 (and therefore increase
in polarisation rate) is exponential, with the fitted line approximated by the
following Origin function using a Levenberg Marquardt empirical iteration
function,
t80 = A1 · e−φ/t1 + y0 (5.2)
Here φ is the incident flux, where as A1, t1 and y0 are characteristic values of the
material under test which have been given in Table 5.3.
Detector A1 t1 y0
(s) (s−1) (s)
D-SC 9266 397 -1751
D-PC 3973 1623 -177
SiC-SI 126987 112 -982
SiC-SI-8x9 55158 269 -56
Table 5.3: Constants for Equation 5.2, defined by Origin fitting software.
Within Equation 5.2, t1 clearly defines the rate of polarisation and as such
Table 5.3 suggests that SiC-SI is the slowest polarising material. However,
this does not take into consideration the count rate recovery in D-SC, clearly
demonstrated in Figure 5.14, which would make D-SC the most stable of the
polarising detectors over a long period.
Figure 5.15(a) does show that both semi-insulting SiC materials have a lower
initial polarisation rate for low radiation fluxes relative to the diamond detectors,
with SiC-SI providing a very stable count rate over a long period in Figure 5.14.
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This is a result of the de-trapping rate being greater than or equal to the charge
carrier creation rate and would seem logical considering the believed energy
locations of the main deep level traps for both materials, 1.14-1.86eV for diamond
(Table 3.3) and ≈0.63eV for SiC (Table 3.2), i.e. the higher the energy, the longer
it takes to naturally de-trap.
Furthermore, Figure 5.15(a) also highlights the difference between the
mobility lifetime products, with SiC-SI having a lower initial polarisation rate
than SiC-SI-8x9 and D-SC having a lower polarisation rate than D-PC, as would
be expected from Table 5.2.
As the polarisation rate has demonstrated a relationship to both the energy
levels of the main traps and the mobility lifetime product, in future work it
may be interesting to see if Equation 5.2 and the associated material constants in
Table 5.3 can be used to estimate these material characteristics. It is worth noting
however, that the data presented is primarily for localised polarisation close to
the electrodes due to shallow alpha irradiation, rather than the full material
polarisation that may be present for more penetrating radiation. As such the
relationships presented above may vary according to radiation type, as shall be
discussed in Section 6.2.1.
The polarisation rate is also dependent upon both the rate at which charge
carriers are trapped and the rate at which they are de-trapped. As has been
shown for SiC-SI when under irradiation with 3.5kBq Am-241 alpha particles
in Figure 5.14, if the trap/de-trap rate is in equilibrium the detector will
demonstrate stable operation. Therefore, if techniques can be implemented to
increase the de-trapping time, stability can be improved.
Subsequently tests were conducted to investigate the depolarisation rate of
the detectors as a function of the applied bias and ambient light (standard
polychromatic room light). This has been demonstrated for the count rate and
centroid variation of the SiC-SI detector in Figures 5.16 and 5.17 respectively.
First and foremost, these plots show that the polarisation rate for the centroid
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Figure 5.15: Time for total count rate above a given threshold to move to 80% of
original value (t80).
energy position and count rate are repeatable. There is more variation in the
centroid energy peak from test-to-test, but this is primarily down to the counting
statistics in the main peak channel as a result of the timing periods used for the
analysis (every 90s).
The presented data also validates the correlation between count rate and
centroid energy peak polarisation, all be it over different time periods.
Furthermore, it is also worth pointing out that these tests were conducted in
air in order to use the capabilities of the test box shown in Figure 4.15(b), i.e. able
to move source in and out of position without exposing to light. As described in
Section 4.6.1, this results in a broader, lower intensity alpha peak in lower energy
channels. Not only does this add to the variation discussed above, but it is also
possible that the polarisation effect is accentuated as the lower energy peak will
be closer to the detection system threshold/noise level.
Figures 5.16 and 5.17 both show that removing applied bias (0V) and
illuminating with light, depolarises the detector following a 1 hour irradiation.
The figures also demonstrate that simply removing the source (‘No Bias, No
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light’) also leads to depolarisation, as would be expected for natural detrapping.
Extrapolation from data presented in Figure 5.17 would suggest a depolarisation
time of around 30-60 minutes would be required for full depolarisation using the
‘No Bias, No light’ technique in the SiC-SI detector.
The depolarisation rate as a function of bias is very small and is only really
apparent when comparing the ‘Bias, No light’ and ‘No Bias, No light’ data.
This method relies on detrapping and neutralisation as the key process for
depolarisation, so essentially relatively long time periods and the probability of
neutralisation from a contact injected charge carrier. The result is incomplete
depolarisation (i.e. detector not returned to the original performance) for the
time periods tested and subsequently quicker polarisation times following re-
irradiation, highlighted in Figure 5.15(b).
By far the most effective method for depolarisation is illuminating with
ambient light. For ‘No Bias, No light’, the detectors fully recover, even after
only 1 minute, with good repeatability from test-to-test. This validates the test
procedure described in Section 4.6 where each detector was depolarised for 15mins
with 0V bias and light illumination between each irradiation. However, ‘Bias, No
light’ leads to recovery with a lower polarisation rate following re-irradiation, i.e.
the detector is more stable. In fact, an improvement in the polarisation rate
occurs for both light illumination tests, as can be seen in Figure 5.15(b).
Recovery with light is well known in diamond [156] and other wide band gap
materials like CdTe [118]. It is a result of the optical photons liberating sufficient
charge carriers to neutralise traps, thus increasing the amount of collected charge
carriers and reducing the effect of space charge variation caused by trapped
electrons or holes.
When this is conducted under 0V bias, the trapped charge carriers are
neutralised due to the free flow of charge carriers introduced through the contacts
(i.e. the blocking potential is removed). The trap is then available for capturing
further liberated electrons or holes during bias and irradiation. However, when
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Figure 5.16: Total count rate above a given threshold against alpha irradiation
time, as a function of depolarisation times for SiC-SI. Alpha source was Am-
241 in air (S217.PH). Bias was -400V and light was ambient room light.
Polarisation represented 1hr irradiation with of fully recovered detector prior to
any depolarisation test.
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the illumination occurs under bias, the traps are neutralised and then filled with
optically stimulated electron-hole pairs which will only ‘escape’ as a result of
the natural detrapping time. This occurs uniformly throughout the detector,
removing the possibility of a localised space charge barrier, resulting in stable
operation when under irradiation [156].
Therefore for the ‘Bias, No light’ data, stable operation is due to reduced
trapping of radiation induced electron-hole pairs due to already filled traps. This
is a particularly important feature for both SiC and D detectors as they are
effectively blind to optical light for radiation detection purposes, due to the band
gap of the detectors being larger than the equivalent energy for that wavelength
range. Consequently it is possible that a SiC or D detector under illumination
from an optimum wavelength of light during irradiation could result in stable
operation.
So far all the tests presented in this section have discussed the polarisation
effect influenced by radiation interactions, however it is also worth considering
whether the application of bias may affect stability. For example, in thallium
bromide (TlBr) semiconductor detectors, polarisation occurs through the physical
movement of ions in the material when a bias is applied [157][158].
Interestingly, when a bias was applied to the SiC-SI-8x9 detector for one
hour prior to exposure, the rate of polarisation actually increased, as shown in
Figure 5.18. Considering the bond strength of the SiC lattice it is certainly
not suggested that this is a result of movement of Si or C atoms. Drift of the
contact material could be a possibility, but data shown in Figures 5.16 and 5.17
suggests trap related polarisation effects rather than ionic movement, certainly
when considering the interactions with ambient light.
The observation must therefore be an effect caused by trapping of the existing
charge carriers within the material. Although the intrinsic carrier concentration
of this material is low, the trap concentration is likely high (demonstrated by
the poor charge collection properties, CCE<50%). Therefore it is possible that
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Figure 5.17: Energy peak centroid position against alpha irradiation time,
as a function of depolarisation times for SiC-SI. Alpha source was Am-
241 in air (S217.PH). Bias was -400V and light was ambient room light.
Polarisation represented 1hr irradiation with a fully recovered detector prior to
any depolarisation test.
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quick de-trapping at shallow trap levels leads to retrapping of the carrier at deep
levels for long periods of time.
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Figure 5.18: Total count rate above a given threshold against alpha irradiation
time for SiC-SI-8x9 at -400V. Data shows a standard 1hr polarisation run and
a polarisation run after the detector was biased for 60 mins prior to irradiation.
Alpha source was Am-241 in air (S217.PH).
Furthermore the space charge barrier created as a result of the Schottky
contact would also ensure that any created electron-hole pairs are not easily
collected by the electrode, increasing the probability of being trapped. Certainly
with the mode of operation used, the Schottky contact would produce a barrier
for electrons, which are thought to be the main carrier type trapped within
SiC [100][101][103].
5.3.4 Temperature
The effect of temperature on the alpha detection capability of the detectors has
been given in Figure 5.19. It was observed that the alpha detection characteristics
of the D-SC detector are constant over all temperatures tested up until 373K, at
which the CCE is reduced to around 60% and the FWHM doubles.
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Figure 5.19: Count rate against energy as a function of temperature for an Am-
241 alpha radiation source (S217.PH). Suffix ‘C’ and ‘H’ represent the cryostat
used for cooling and heating respectively. Data was taken at 293K in both cryostats
for comparison. All testing was conducted at 6.4×10−1mbar.
With the exception of the 253K reading (as discussed in Section 5.1.4), the
long term polarisation rate (>100s) of the alpha spectra is also constant at each
temperature for D-SC, as demonstrated Figure 5.20.
Conversely to this, the SiC-SI-Cr5 detector shows that the polarisation rate
decreases as the temperature increases. Furthermore, it begins to stabilise,
allowing for long term stable operation. This would suggest that the energy
imparted to the detector at 373K is sufficient to liberate charge carriers and
increase the detrapping rate. Similarly at lower temperatures the polarisation rate
increases and the detection capabilities of the detector are rapidly lost (<100s).
From Figure 5.19 it is also interesting to note that the ‘optimum’ CCE is
achieved at room temperature (293K). Altering the temperature by±40K reduces
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Figure 5.20: Variation in the Am-241 alpha energy centroid peak position against
irradiation time. Alpha source was S217.PH. Suffix ‘C’ and ‘H’ represent the
cryostat used for cooling and heating respectively. Data was taken at 293K in
both cryostats for comparison. All testing was conducted at 6.4×10−1mbar.
the peak position by ≈40-45% and altering the temperature ±80K by decreases
the peak by ≈40-55%, suggesting a Gaussian style relationship of the order,
CCE
CCE0
= y0 +
(
A
w
√
pi/2
)
· e−2((T−xc)/w)2 (5.3)
where T is the temperature. The values y0, A, w and xc are all constants
derived from the Origin software using a Levenberg Marquardt empirical iteration
function, given by,
y0 = 0.51± 0.07
A = 287± 9(K)
w = 44± 15(K)
xc = 27± 11
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but it is worth noting the R2 fit is 0.77 due to non-symmetry at the extremes, as
shown in Figure 5.21.
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Figure 5.21: Variation of peak position (PT ) relative to position at 293K (Pmax)
as a function of temperature for SiC-SI-Cr5 at -400V applied bias.
These are extremely interesting observations as they suggest semi-insulating
SiC can be a stable radiation detector at higher temperatures without seriously
affecting the detection capabilities. Unlike other detectors where cooling is
necessary (CdTe with Peltier cooling, Ge with liquid nitrogen), heating a detector
is relatively simple and low cost (i.e. heating element). In fact, many of the
proposed applications for this type of detector are harsh environments at high
temperatures (nuclear reactor controls, fusion, oil and gas welling etc), meaning
the application itself could be sufficient to stabilise the detector.
From Figure 5.22 it is clear that there is very little change in the SiC-EP
alpha spectra over the range of temperatures tested, both for energy position,
count rate and resolution. Again this is a very interesting result, particularly
for harsh environment applications where an unbiased detector could be very
beneficial (i.e. reduced electronics, intrinsically safe operation).
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Figure 5.22: Count rate against energy of a Am-241 alpha source (S217.PH)
as a function of temperature for the SiC-EP detector at 0V. Suffix ‘C’ and ‘H’
represent the cryostat used for cooling and heating respectively. Data was taken
at 293K in both cryostats for comparison. Conducted at 6.4×10−1mbar.
5.4 Radiation Hardness
One of the key aspects of the detectors under test is their perceived radiation
hardness, a result of their relatively high displacement energy (Table 1.6). A
specific investigation of the radiation hardness was not conducted as part this
project as the radiation tolerance limits were not specifically known for the AWE
active interrogation application.
However, throughout the investigation a log of the approximate flux on
each detector was kept for each radiation exposure, allowing a before-and-after
comparison of the detector performance to at least ensure that the detectors had
not been severely affected. The before data were taken at the initial detector
characterisation, where as the after data were taken at the end of the project.
The total radiation flux incident on each detector throughout the project, for
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each radiation type, has been given in Table 5.4.
Radiation Type D-SC D-PC SiC-EP SiC-SI Si-PIN
α Am-241 3.2× 108 2.6× 108 2.0× 108 1.9× 108 1.9× 107
β− Sr-90/Y-90 3.8× 107 2.9× 108 1.5× 108 1.3× 108 4.1× 107
X-ray ISO 1.2× 109 2.5× 1010 3.0× 1010 1.9× 1010 9.8× 109
Gamma Cs-137 6.7× 109 3.0× 1010 3.0× 1010 2.1× 1010 1.1× 1010
Gamma Co-60 7.1× 109 3.0× 1010 3.3× 1010 2.2× 1010 1.1× 1010
Neutron Cf-252 1.7× 109 2.6× 109 2.1× 109 1.8× 109 1.3× 109
Neutron AmBe 6.4× 108 3.8× 108 1.0× 109 9.3× 108 8.8× 108
Neutron 1.2MeV 2.0× 106 3.9× 106 2.5× 106 3.1× 106 1.7× 106
Neutron 5.0MeV 2.0× 106 2.9× 106 1.9× 106 3.1× 106 1.3× 106
Neutron 16MeV 6.2× 106 1.3× 107 7.9× 106 9.4× 106 5.2× 106
Neutron Cf-252 2.1× 107 4.5× 107 2.6× 107 6.6× 106 1.7× 107
+ Converter + Proton
Neutron AmBe 1.9× 107 4.5× 107 2.6× 107 2.3× 107 1.6× 107
+ Converter + Proton
Table 5.4: Total radiation received to detectors during investigation, given in total
incident particles to ±10%. Converter corresponds to neutron tests conducted
with 25µm kapton layer in front of the detector, resulting in incident neutrons
and recoil protons.
The current-voltage characteristics of the detectors has been shown in
Figure 5.23. The low CCE materials (<50% for D-PC, SiC-SI) show an increase
in leakage current, but just at low biases (>-400V). Whereas the high CCE
carbon based detectors (D-SC, SiC-EP) actually showed a decrease in leakage
current, mainly at high biases (<-50V). Despite the differences, the current-
voltage relationships before and after irradiation are generally in the same oder of
magnitude and there are no obvious features, such as earlier breakdown voltage,
suggesting differences are related to test-to-test variations on very high resistivity
material (i.e. limits of detection).
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For the Si-PIN detector a more significant difference in leakage current was
observed over all biases tested, suggesting potential radiation effects.
However, the CCE of the detector following irradiation is in very good
agreement with that found during the initial characterisation (Figure 5.25),
demonstrating that the radiological detection characteristics have not changed
significantly.
The same observation is found in D-SC, with any deviations fully within
expected variations in testing. This would therefore suggest that no radiation
damage effects have been noted in D-SC.
Over the range of biases that could be tested for SiC-EP, the CCE
exactly matches that found during the initial characterisation, however below
approximately -14V the detector breaks down when under irradiation and
detection capabilities are lost, as discussed in Section 4.2.
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Figure 5.23: Current magnitude (I) against voltage (V ) for the initial project
characterisation (before) and following all the irradiations during project (after).
It is feasible that this performance issue is related to radiation damage in
the material, however a monotonic decrease in CCE would be expected rather
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than issues above a certain bias [111]. In fact, the breakdown in performance
(while under irradiation) would more likely suggest issues with surface leakage
and/or contacts. This would therefore back the theory of CO2 build up creating
a conductive charge path (discussed in Section 4.2). However, it is also feasible
that this effect could be related to radiation damage in the contacts and/or
the mounting rather than the bulk material [50][159], items which may not be
as radiation tolerant (the threshold displacement energy of gold is 33-36eV for
example [160]). This could be an interesting followup investigation, requiring new
mounting and/or contact reworking following irradiation.
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Figure 5.24: Intrinsic efficiency against applied negative bias for D-PC detector
irradiated with Am-241 source in air (S217.PH, 60kBq). Data is for initial project
characterisation (before) and following all the irradiations during project (after).
For SiC-SI and D-PC, there seems to be a decrease in the CCE and intrinsic
efficiency (respectively) following irradiation. Along with an increase in the
leakage current, this would suggest some form of radiation damage effect may
have taken place within the material. As there is no specific sign of serious
breakdown in the detector, the high bias leakage currents are similar and the
CCE/intrinsic efficiency is unilaterally lower, it would suggest that this is related
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Figure 5.25: Charge collection efficiency (CCE) against applied negative bias for
Am-241 source (S217.PH, 60kBq). Data is for initial project characterisation
(before) and following all the irradiations during project (after). All data was
taken at 8×10−2mbar.
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to the bulk material rather than surface contamination, contact issues or damage
in the mounting.
These two detectors have already demonstrated low mobility lifetime products
relative to the high CCE material (Chapter 5) and relatively high polarisation
rates, factors suggesting a high concentration of traps or defects already exist
in the material. It is therefore possible that even small increases in the trap
concentration will give an observable effect on the detector performance.
For example, if the charge carrier drift time (tdrift) is significantly smaller than
the mean carrier lifetime (τ), essentially a quantity dictated by the number of
traps, the detector will be stable during operation as the probability of trapping
will be low (tdrift  τ). Furthermore, a large increase in the number of traps
would be required in order to observe a difference in the stability. Similarly if
the drift time is significantly larger than the mean carrier lifetime (tdrift  τ)
trapping would be both highly likely and saturated, i.e. additional traps would
be unlikely to change the polarisation rate.
However, if the charge carrier drift time is similar to the mean carrier lifetime
(tdrift ≈ τ) not only would it be likely that trapping would occur, but any changes
to the number of traps present could significantly affect the interaction rate.
For the high CCE material (>50%), as there is good mobility lifetime
products and polarisation stability (long term for D-SC), it would suggest that
there is already an insufficient concentration of traps or defects present in order
to demonstrate observable effects in detection capabilities. Therefore, it is not
unreasonable to assume there is greater leeway for ‘damage’ before any radiation
induced effects become apparent.
However, as previously discussed in Section 4.2, during the investigation some
rework (mounting, wire bonding) was required for the SiC-SI detectors as it came
loose from its test package. Visual inspection of the detector potentially showed
some damage to the edges of the contacts, which could at least explain the rise
in leakage current.
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In order to determine the suitability of the detectors for active interrogation
applications, a thorough investigation was undertaken to compare the detectors
against the requirements set out in Section 1.4. The results presented in this
Chapter primarily show the active interrogation characteristics of the D-SC, D-
PC, SiC-EP, SiC-SI and Si-PIN detectors.
6.1 Neutron Energy Discrimination
One of the primary requirements for the active interrogation neutron detectors
is clearly the ability to detect neutron radiation. Beyond that, the ability to
discriminate between prompt fission neutrons (2-5MeV) and delayed scattered or
thermalised neutrons (<2MeV) would be beneficial for the application (Table 1.5).
As such a series of irradiations were conducted over a number of mono-energetic
and radionuclide neutron sources as presented in Figure 6.1.
All the results presented have been normalised to the incident flux of the
radiation. For the mono-energetic sources, the incident flux primarily consists
of the main neutron energy and therefore the position on the y-axis in the
graphs presented is a good representation of the sensitivity of the detectors
to that radiation type. For radionuclide sources however, this method of
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Figure 6.1: Count rate, normalised to incident flux (I/φ), against energy (E) for
the detectors under test. All results were taken at NPL as per the setup described
in Section 4.9. Suspected nuclear reactions have been indicated, as suggested
from [27][28][77][161]. LC represents a lower coarse setting for the calibration.
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normalisation is less accurate as there is a wide spectrum of incident neutron
energies (Section 4.9.1), each of which have different interaction probabilities
(Figure 2.13(b)). It does however give a reasonable indication of the relative
sensitivity over the entire energy range.
Data points with the suffix LC represent data taken with a lower coarse
calibration setting. This was required for radiation sources where the maximum
energy was larger than the calibrated energy range of the detectors. Aside
from allowing the higher energy spectra to be acquired, it also changed the
energy binning leading to a perceived increase in “sensitivity” over some regions,
particularly those with high counting statistics (i.e. lower energy channels). For
D-SC this led to a change in the average energy bin width of 9.5keV/channel
from 18.8keV/channel; 4.7keV/channel from 10.9keV/channel for D-PC; and
2.6keV/channel from 6.1keV/channel for SiC-SI. As such, both the standard and
LC data have been shown in the graphs in order to give a better indication over
the entire neutron spectra.
It is worth noting that some results have not been plotted for SiC-EP or Si-PIN
due to data corruption during the testing. That being said, the data presented
still gives a good indication of these detectors’ abilities. Certainly for SiC-EP
no signal above noise was noted for 1MeV mono-energetic neutrons or Cf-252
(<2100MeV>), which is most likely a result of the energy calibration threshold
being too high (≈750keV) as opposed to an intrinsic insensitivity to those energy
ranges.
It is clear from Figure 6.1 that all the detectors are capable of directly
detecting neutron radiation. Furthermore, by comparing the end point energies
of each spectrum it is clear that a simple energy threshold level could be used to
discriminate neutron energies, as per the application requirements (Section 1.4).
The D-SC detector provides the best overall neutron performance, with the
observed end point energies corresponding to the expected maximum energies for
all the neutron sources tested and the neutron sensitivity is higher relative to
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the other detectors under test. This seems reasonable when considering the high
neutron conversion ratio, larger thickness and the CCE of the detector.
The Si-PIN also demonstrates good performance in terms of sensitivity, which
is reasonable considering the high quality of the detector (CCE). However, the
end point energies aren’t as clear as the D-SC detector. Even the AmBe spectrum,
which was given a long exposure (>15hrs) and therefore better counting statistics,
did not reach the theoretical maximum energy (≈14MeV) as seen in the diamond
detector. This lower sensitivity at higher energies may be a direct result of the
increased conversion ratio in carbon (i.e. better at detecting higher energies), the
thicker diamond detector / sensitive region (i.e. more converted particles ionise
in the sensitive region) or a combination of both.
The spectrum for both the D-SC and Si-PIN detectors is validated by the
features present. From the work of Franceschini [27], Pillon [28], Ruddy [77] and
Bryant [161] a number of reactions have been estimated.
Certainly the D-SC is in excellent agreement with the work of Pillon et al. [28],
which has been shown in Figure 1.6. A number of specific nuclear reactions
are present in the spectra and the recoil interaction peaks for 1MeV and 5MeV
correspond to the theoretical reduction caused by the maximum recoil ratio (0.284
from Table 2.3). This is not completely apparent for the 16.5MeV peak as it is
masked by increased nuclear reaction products from the higher neutron energies
surpassing most of the neutron reaction thresholds in this material.
From the work of Franceschini et al. [27] and Ruddy et al. [77], more reaction
peaks would be expected for the Si-PIN detector. However, due to the thickness
of the Si-PIN detector relative to the D-SC detectors, it is likely that the lack of
features is primarily related to counting statistics and as such a longer irradiation
period would improve the probability of observing nuclear reactions.
An interesting feature in the Si-PIN is the proposed recoil interaction at
approximately 120keV in the AmBe spectrum, a feature which is also present
in D-SC at approximately 310keV. As AmBe is a radionuclide emitter there is no
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specific energy peak, but rather a very broad spectrum averaged around 4100keV
(Figure 4.26(a)).
Originally it was proposed that these features in the Si-PIN and D-SC spectra
were a result of recoils at the most probable emission energy of the AmBe spectra
(≈3MeV from Figure 4.26(a)). Although the observed peaks are at a lower
energy than would be expected when considering the neutron recoil ratio, it
was believed that this was related to the fact that the recoil ratio represents
the maximum possible neutron energy conversion and the ‘average’ conversion
ratio would in fact be lower, 0.3-0.14 for C and 0.14-0.06 for Si (demonstrated
in Figure 2.15). Certainly the ratio between the two peak energies in the
presented data (ED/ESi(data) = 2.5) and the two theoretical maximum recoil
ratios (ED/ESi(recoil) = 2.1) are similar, suggesting a similar recoil reaction
type. Furthermore, the theoretical energies at the lowest conversion ratio for
3MeV neutrons (Si≈ 180keV and D≈420keV) is in reasonable agreement with
the Si-PIN and D-SC data.
However, the work Pillon et al. [28] conducted would suggest that the peak in
the D-SC spectrum is more likely to be the 12C(n,α)9Be, the threshold of which is
covered over the wide range of neutron energies present in the AmBe emissions.
It is unclear whether a similar reaction occurs in Si, certainly the data presented
here covers a lower energy range than that discussed by Franceschini et al. [27]
and Ruddy et al. [77] who cover the nuclear reaction peaks in detail.
A similar level of uncertainty exists in the determination of features for SiC-
SI, although this is more related to the low resolution of the detector. The
spectrum presented for AmBe is reasonable when compared to that presented by
Bryant [161] and the features correspond to the simulated response in the same
paper. The endpoint energies are also reasonable when taking into account the
CCE of the material (≈ 32%).
Despite the presence of carbon atoms in the SiC-SI material, the sensitivity of
the detector is seemingly less than the Si-PIN. It could be argued that the reduced
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response relative to Si-PIN is also related to the lower CCE of the detector,
however the D-PC demonstrates reasonable neutron detection characteristics
despite the very low CCE. In fact the end point energies for this detector seem to
exceed expectations, as they are significantly higher than would be expected for
a detector at around 3-4% CCE. However, there are no clear nuclear reactions
or recoil features within the spectra, which will be a direct result of the low peak
resolution in the detector.
The SiC-EP did demonstrate some ability to see neutrons, despite 0V bias, but
the capability was severely limited by; the small depletion width of the detector
(1.3µm) and the low CCE (32%), resulting in poor counting statistics and lower
end point energies respectively.
As mentioned earlier, the calibration of the system was such that low
energy neutrons (<750keV) were not apparent above the background noise. In
many ways this observation is a direct demonstration of the required ability to
discriminate neutron energies, as the higher energy neutrons were still detected.
If the counting statistics can be increased (perhaps through a large array of
detectors) an unbiased SiC-EP detector could still have potential for the active
interrogation application.
6.2 Radiation Cross-Sensitivity
The ability to detect neutrons is clearly of key importance for active interrogation,
however an equally important requirement is the ability to detect neutrons in a
mixed field environment. By mixed field, this primarily relates to ionising photons
and neutrons, but reactions with the surrounding environment mean that charged
particles are also likely to be present in a high energy neutron field and should
be considered (as summarised in Table 1.4).
In order to detect neutrons within this environment the detector should be
either insensitive to the ‘interference’ radiation or be able to discriminate against
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Figure 6.2: Count rate (I), normalised to incident flux (φ), against energy (E) as a
function of alpha, X-ray, gamma, radionuclide neutron and mono-energetic neutron sources
(see Table 4.5). Non alpha data were taken at ≈6mSv/h. The perceived “levels” in some spectra
(particularly alpha) are artefacts of the flux normalisation and are associated with the detector’s
sensitivity to that radiation type.
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it. As such, the detectors were tested over the standard range of radiation types
(alpha, beta, X-ray, gamma, neutron) as described in Chapter 4. It should be
noted that the 16.5MeV data presented uses the standard calibration setting and
as such the end point energy is reduced, as discussed in Section 6.1.
The results of these tests have been presented in Figure 6.2, where the count
rate in each energy channel has been normalised to the incident radiation flux.
This type of normalisation gives an indication of the relative sensitivities for each
radiation type. For example, the vertical axis position of for the alpha radiation
data in the graphs (Am-241) is higher than other radiation types, representing
more counts per incident radiation particle. This is reasonable considering the
large energy and shallow penetration depth of alpha particles, meaning all of the
incident particle’s energy will be transferred to the detector with a large electron-
hole density.
Normalisation to the incident flux was not possible for the beta radiation
source as insufficient information was available on the surface emission rate
and the tests were conducted in air due to pressure restrictions on the source.
However, the data has been presented in Figure 6.3 and has been normalised to the
contact surface area. As the detector-to-source distance was similar (±0.5mm)
for most detectors, this normalisation is analogous to the incident flux when
comparing detectors.
The results presented in Figure 6.2 clearly show that all the detectors are
capable of discriminating between each of the radiation types and energies tested
using a simple energy threshold / discriminator method. This is particularly
important when comparing the Co-60 gamma and AmBe neutron spectra, as the
average energies for these two sources (1.2MeV and 4.1MeV) are similar to those
found following fission (Table 1.3).
When considering charged particles (alpha and beta) the window for neutron
detection above the threshold level reduces for SiC-EP, SiC-SI and Si-PIN. For
D-SC and D-PC, the neutron detection capabilities above the alpha and beta
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thresholds remain very good. In fact, the neutron detection sensitivity for both
diamond detectors is also the highest above the Co-60 gamma threshold as well,
demonstrating the advantage of carbon-neutron recoil reactions.
That being said, there is little difference between the neutron detection
capabilities of the Si-PIN and SiC-SI detectors, when taking into consideration
the shift in end point energies due to the difference in CCE. The ionising photon
sensitivity is lower for the SiC-SI detector though, which would be expected for
the lower Z number of the SiC material.
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Figure 6.3: Count rate (I), normalised to contact surface area (a), against energy
(E) for a 90Sr/90Y beta source (see Table 4.5). All spectra were taken in air.
The SiC-EP showed very little gamma sensitivity while still being able to
detect neutrons, as would be expected from the low Z number, narrow depletion
width and calibration setup (i.e. low minimum energy threshold, <750keV).
Despite having a low Z number, the D-SC detector does demonstrate a
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reasonable ionising photon sensitivity relative to the other detectors, further
highlighted in Figure 6.4. This is because the thickness of this detector is around
1.4 to 1.6 times that of the other detectors (interaction probability increases) and
it has a high CCE. Similarly the thicker detector led to an observed ‘peak’ in the
90Sr/90Y beta spectrum (Figure 6.3) attributed to 90Sr emissions (Emax =546keV)
when losses due to air are considered.
When considering the intrinsic efficiency as a function of energy, as shown
in Figure 6.4, it is clear that all the carbon based detectors have less gamma
sensitivity than the Si-PIN detector. Similarly most of the detectors also
demonstrated a better neutron sensitivity compared to the Si-PIN, the exception
to this being the SiC-EP detector which had a very narrow depletion width (as
previously discussed).
In both Figure 6.4 and 6.5, the radionuclide sources (highlighted in the graphs)
have been plotted using their average energy. In reality the variation in the
energy emissions from these sources is significant, but they have been included
for comparison purposes.
It is interesting to note that all the carbon based detectors demonstrate
a better intrinsic efficiency for neutrons than for ionising photons, with the
exception of Co-60 gammas, where the efficiency is similar to or greater than
neutrons. Due to the high energy gammas emitted from the source (1.173MeV
and 1.332MeV) it is possible that this is a result of increased secondaries
interacting with the detector. Certainly the main photon interactions are likely
to be Compton scattering (where the liberated electrons are likely to be quite
energetic) and pair production (up to ≈300keV beta and positrons can travel
several cm in air). This theory can be tested by placing filters (high Z outer filter
to low Z inner) in front of the detectors in order to shield knock-on electrons, a
common technique used in electronic dosimetry for similar issues.
However, these observations change somewhat when the depletion width is
considered for each detector. Using the results presented in Table 5.2, the intrinsic
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Figure 6.4: Intrinsic efficiency against energy for X-rays, gammas and mono-
energetic neutrons (1.2MeV, 5.0MeV, 16.5MeV), see Table 4.5. Highlighted area
is radionuclide neutrons (AmBe, Cf-252). All data was acquired at ≈6mSv/h.
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efficiency has been normalised to the depletion width for Figure 6.5. This could
effectively be regarded as the detection efficiency per unit of sensitive volume for
detector, a very important factor when considering the overall design, cost and
eventual scaling for the end application.
When considering the depletion width, there is generally a further reduction
in the sensitivity to ionising photon radiation for the carbon based detectors
relative to Si-PIN. The SiC-EP detector also shows a marked improvement in the
neutron sensitivity, as would be expected for the very thin depletion region, and
a reasonable response when compared to the other detectors.
Interestingly however, the Si-PIN is shown to perform better than carbon
based detectors for neutron irradiations. It is possible that this observation is
based on the selection criteria for the count rate threshold or the reduced CCE
for the D-PC and SiC-SI detectors, however even with these factors considered
it seems there would be only a very small difference between neutron detection
capabilities.
6.2.1 Stability
In Section 5.3 the polarisation effect has been demonstrated in the diamond
and semi-insulating SiC detectors when under irradiation of alpha particles.
Expanding on this work, Figure 6.6 shows the effect of different radiation types
on the polarisation rate of each detector under test. As would be expected
from Figure 5.9, SiC-EP has been shown to be stable, with any variation due
specifically to the counting statistics used during analysis. Similarly, the Si-
PIN was also found to be very stable during each irradiation, as suggested from
Figure 5.9.
A stable count rate was observed for the D-SC detector during beta, neutron
and neutron+conversion proton irradiations, suggesting no polarisation. This is
to be expected as these radiation types would result in less ionisation per incident
180
6 - Application Characterisation
1 E - 8
1 E - 7
1 E - 6
1 E - 5
1 E - 4
1 E - 3
0 . 0 1
0 . 1
1
1 E - 8
1 E - 7
1 E - 6
1 E - 5
1 E - 4
1 E - 3
0 . 0 1
0 . 1
1 E - 8
1 E - 7
1 E - 6
1 E - 5
1 E - 4
1 E - 3
0 . 0 1
0 . 1
1 0 0 1 0 0 0 1 0 0 0 01 E - 8
1 E - 7
1 E - 6
1 E - 5
1 E - 4
1 E - 3
0 . 0 1
0 . 1
 D - S C - G a m m a D - S C - N e u t r o n S i - P I N - G a m m a S i - P I N - N e u t r o n
S i C - S I  ( - 4 0 0 V )
S i C - E P  ( 0 V )
D - P C  ( - 4 0 0 V )
D - S C  ( - 2 0 0 V )
 D - P C - G a m m a D - P C - N e u t r o n S i - P I N - G a m m a S i - P I N - N e u t r o n
 S i C - E P - G a m m a S i C - E P - N e u t r o n S i - P I N - G a m m a S i - P I N - N e u t r o n
ε in
t / x
det
 (%
 / µ
m)
 S i C - S I - G a m m a S i C - S I - N e u t r o n S i - P I N - G a m m a S i - P I N - N e u t r o n
A v e r a g e  E n e r g y  ( k e V )
Figure 6.5: Thickness compensated intrinsic efficiency (int/xdet) against energy
for X-rays, gammas and mono-energetic neutrons (1.2MeV, 5.0MeV, 16.5MeV),
see Table 4.5. Highlighted area is radionuclide neutrons (AmBe, Cf-252). All
data were acquired at ≈6mSv/h.
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radiation particle and therefore less trapping, corroborated by the data presented
in Figure 5.14.
Furthermore a more uniform creation of electron hole pairs across the
detector thickness would be expected for these radiation types. Alpha particles
should interact within the first ≈ 17µm of diamond, creating a very localised
concentration of electron-hole pairs. This subsequently results in a high trapping
rate over a small region, leading to the creation of a localised space charge barrier
through which further electrons and holes must pass.
When the charge carriers are created uniformly over the entire region, the
trapped charges are distributed more evenly, diluting the overall space charge
build-up and reducing the polarisation effect [156].
Interestingly for D-SC, the Co-60 gamma irradiation has been shown to
actually increase the count rate and effectively enhance the detection capability.
This is again a demonstration of priming within the detector, as the created
electron-hole pairs at the start of the irradiation de-activate existing traps within
the material, reducing the effect of any trapped carrier space charge build-up on
later created charge carriers [156].
However these observations are not present in SiC-SI or D-PC, as most of
the radiation types caused a reduction in the count rate and therefore some
form of polarisation effect. These observations are again an indication of the
poor charge transport properties of these materials (CCE<50%) and large trap
concentrations.
The rate of polarisation for each radiation type is very dependent upon the
amount of charge carriers created per unit radiation and the distribution of
those charge carriers, corroborated by the data presented in Figure 5.14. In
general, alpha particles show the greatest polarisation rate (high energy, full
deposition of energy in material, highly concentrated charge carrier creation),
followed by conversion protons (lower stopping power, higher penetration),
beta particles (lower energy, higher penetration) and 16.5MeV neutrons (low
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interaction probability).
Despite the lower Z number and higher neutron conversion ratio of diamond
compared to SiC, the D-PC detector showed gamma polarisation and AmBe
stability, where as the SiC showed gamma stability and AmBe polarisation. It
is very possible that these effects are more a result of the test box setup rather
than the detectors themselves.
For example, both detectors were in close proximity to, but not directly
covered by, metal ‘source holders’ which would likely interact with both neutrons
and gammas to produce scattered charged particles (elastic interactions) or
energetic electrons (Compton scattering), respectively, which may be incident
on the detectors.
For the SiC-SI test box, the source holder was a fairly thick (≈2cm) stainless
steel block, reducing the probability of gamma (or associated conversion particles)
penetrating, but giving a reasonable amount of material for neutron interactions.
Therefore increased polarisation rates for neutrons and no polarisation rate
for gammas could be expected, as observed. Conversely for the D-PC test
box, the source holder was a fairly thin (≈2mm) stainless steel sheet, which
would be sufficient for gamma interactions but likely too thin for significant
neutron interactions. Therefore increased polarisation rates for gammas and no
polarisation rate for neutrons could be expected, as observed. These effects could
be avoided in future testing by placing a low Z filter (e.g. Al) between the source
holders and detector to absorb the conversion particles, a common feature in
instrumentation such as electronic personal dosemeters.
6.3 Dynamic Range
Although the majority of the detectors have shown the ability to discriminate
between ionising photons and neutrons, these results are at one, relatively low
dose rate. As the dose rates increase, it is possible that the spectra may begin
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Figure 6.6: Count rate variation (I/I0) against time as a function of radiation
type. Tests were conducted over 3600s and 20,000s. Alpha source was Am-241
(S037.RG, 185kBq) at 8×10−2mbar. AmBe was the NPL source at approximately
18mSv/h, where as the converter represents the AWE AmBe neutron irradiation
at 6mSv/h with a 25µm Kapton proton conversion layer (Section 6.4). Co-60
gammas and 16.5 MeV neutron data was taken at ≈6mSv/h.
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to overlap due to pulse pile up in the detector system, therefore increasing the
neutron-gamma cross-sensitivity (e.g. gammas are registered as neutrons).
As SiC, D and Si-PIN are all fundamentally fast responding detector materials,
in the order of ps to 10’s ns (from [31][62][127] and Appendix C) any reason for
high dose rate interference would likely be down to the electronics of the system.
The detector system (detector + electronics) was characterised for ambient
dose equivalent rate linearity performance, effectively the linearity of count rate
as a function of incident radiation, as shown in Figure 6.7. For this investigation
‘standard’ electronics (i.e. not fast timing) were selected to characterise their
limitations for the active interrogation application. The fitted lines shown are all
straight line fits with R2 fitting values better than 0.98.
It is worth noting that despite the detectors being exposed to relatively
high gamma and neutron ambient dose equivalent rates (1-3000mSv/h and 6-
600mSv/h respectively), there is minimal cross over of the gamma-neutron data
points when considering the incident flux. The reason for this is related to
difference in the ambient dose equivalent weighting factors (Wr) for each radiation
type, 1 for ionising photons and between 5 to 20 for neutrons [65]. Essentially
neutrons deposit 5-20 times more dose per incident radiation than ionising
photons, resulting in a lower calculated flux in Figure 6.7.
The data presented in Figure 6.7 shows a linear count rate response over a
wide dynamic range of incident fluxes. For the D-SC, SiC-SI and Si-PIN, the
count rate linearity seems to stop between 20,000 and 30,000 counts per second.
For SiC-EP, the linearity seems to continue over the entire range tested, but
primarily due to the insensitivity of the detector. It should be noted however
that only two neutron points were plotted for SiC-EP due the operational issues
mentioned in Section 4.2.
With D-PC, the gamma sensitivity count rate becomes non-linear between
700-2000 counts per second. Above this point the count rate began to increases
rather than decreases or plateau, as would be expected, due to electrical noise
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Figure 6.7: Total count rate above a given threshold against incident radiation
flux for Co-60 gamma radiation, as well as Cf-252 and AmBe neutron radiation.
The Co-60 flux was calculated from the method in Section 4.8.1, where as the
incident flux for neutrons was given by the host institutions (AWE and NPL).
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Figure 6.8: Count rate, normalised to the incident flux, against energy as a
function of Co-60 gamma radiation ambient dose equivalent rate.
187
6 - Application Characterisation
interference from the tracking table (as per Section 4.8). Consequently these data
points have not been shown.
However, it should be noted that the count rate linearity is only part of
the consideration for dose rate dependencies. Looking at the spectral response
as a function of ambient dose equivalent rate (Figure 6.8), it is clear that the
end point energy of the detectors increases as the ambient dose equivalent rate
increases. This would cause issues for any threshold discrimination method
as ‘below threshold’ gammas would start to be registered as ‘above threshold’
neutrons. This observation is directly related to pulse pile up, i.e. multiple
pulses being registered as a more energetic single pulse.
With the exception of SiC-EP, all the detectors started showing signs of pulse
pile up in the gamma spectrum between 10mSv/h and 100mSv/h. In terms of
incident flux (φ), there will of course be some variation due to detector size,
but 10mSv/h corresponds to an average time between pulses (tp) of between
1.3-117ms (See Table 6.2) if,
tp =
1
φi
(6.1)
where φ is the incident flux and i the intrinsic efficiency. For this reason the
main ambient dose equivalent rate selected when comparing X-ray, gamma and
neutron results was 6mSv/h. It should be noted however that for all the detectors,
the neutron count rate demonstrated a linear response over the range of fluxes
tested.
6.4 Optimisation
Throughout the investigation results have been presented demonstrating the
characteristics of the detectors relative to the requirements for active interrogation
applications defined in Section 1.4. Although some detectors have performed
better than others in various situations, it is not to say that the performance of
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each detector cannot be improved through optimisation of the system design.
High Z Filtration
One of the key parameters in active interrogation is the ability to detect neutrons
while not detecting or discriminating against ionising photon radiation, cross-
sensitivity. For most of the detectors this has been demonstrated in Figure 6.2
by using a simple threshold discriminator level. However, the level of cross-
sensitivity can be further reduced by using high Z filtration as demonstrated in
Figure 6.9 for the D-SC detector.
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Figure 6.9: Count rate (I) against energy (E) for D-SC detector irradiated with
Thermo Fisher Scientific AmBe neutron source (≈4mSv/h) at -400V. Spectra
have been plotted for a selection of lead (Pb) shielding thicknesses. The theoretical
attenuation as a function of lead (Pb) thickness has also been shown for Am-241
gammas [162] and Co-60 gammas [162], where as the experimentally determined
attenuation for AmBe neutrons has also been shown.
This graph shows the affect on the AmBe spectrum as the amount of lead
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(Z = 82) between the source and detector increases. The graph also shows
the experimentally determined attenuation (i.e. observed reduction in count
rate) of the AmBe neutrons as a function of lead thickness . This has been
plotted against the theoretical attenuation of Co-60 gammas (important for fission
created gammas) and Am-241 gammas (one of the main gamma emitters from the
AmBe) to demonstrate that even a few mm of lead will fully attenuate the main
gamma emissions from the AmBe source without seriously affecting the neutron
spectra (<1% attenuation). For active interrogation considerations, the rate of
attenuation is still greater for Co-60 than it is for AmBe neutrons, with 11mm of
lead attenuating the AmBe signal by ≈ 28% and the Co-60 by ≈ 51%.
By reducing the ionising photon influence any cross-sensitivity threshold can
be reduced, thus increasing the neutron count rate. Although some neutron
attenuation will occur as a result of the filtration, it will not be to the same
extent as the ionising photons, subsequently leading to a better neutron-gamma
cross-sensitivity ratio (more neutrons per gamma).
Furthermore, the graph also provides excellent corroboration that the detec-
tors are directly detecting neutrons, as opposed to neutrons and an intense low
energy gamma field, validating the observations presented in Sections 6.1 and 6.2.
Conversion Layer
In addition to reducing the ionising photon and neutron cross-sensitivity, it is
also possible to increase the neutron intrinsic efficiency. The use of neutron
conversion layers to enhance fast neutron detection in semiconductor detectors
has been widely used for quite some time [18][127][163][164].
This principle involves the use of a hydrogenous layer (plastic) to moderate the
fast neutrons in front of the detector, leading to the creation of recoil protons.
From the discussions in Section 2.4.2, hydrogen allows up to 100% transfer of
energy from the incident fast neutron and results in a more easily detectable
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charged recoil proton.
Subject to the fast neutron energies, the potential energy of these conversion
protons is high and as such it is possible the penetration depth will be more than
the thickness of the detector (a 16.5MeV proton could travel ≈1.7mm in Si or C).
Similarly if the convertor layer is too thick, the conversion protons may not escape
and fast neutrons will be attenuated. Furthermore, it is also possible that the
conversion protons will be emitted at non-incident angles; depositing a fraction
of their energy or not even hitting the detector. Consequently, the addition of
any form of conversion layer will result in a maximum intrinsic efficiency limited
by the sequence of probabilities for interaction and detection [74].
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Figure 6.10: Count rate (I), normalised to incident flux (φ), against energy
(E) for D-SC detector irradiated with AWE AmBe neutron source (≈6mSv/h)
at -200V. Convertor is a 25µm Kapton layer. The ratio of counts per channel
with (IConvert) and without (INo Convert) convertor layer has also been plotted as
a function of energy..
However, in Figure 6.10 and Table 6.1 the benefit of using a proton conversion
layer can clearly be seen. Within these tests, the hydrogenous convertor material
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was a 25µm thick piece of Kapton plastic suspended in air above the detectors.
The distance from convertor layer to the detector varied from detector-to-detector
due to the arc of the bonding wire (the two could not touch due to the Kapton
adhesive) but it was generally around 1-2mm. For D-PC, the size of both the
sample and mounting meant that there was significant warping in the Kapton
layer and it is very possible that the layer-to-detector distance was significantly
more than 1-2mm.
This arrangement was very much a proof-of-concept test and significant
optimisation could be implemented in order to increase conversion efficiencies
(e.g. direct adhesion on the detector, higher density convertor material, convertor
thickness, sandwich detectors, microstructures [74]).
Intrinsic Efficiency
Detector No Convertor Convertor Error
D-SC 2.59% 5.35% ±0.01%
D-PC 2.234% 2.32% ±0.004%
SiC-EP 0.010% 0.011% ±0.002
SiC-SI 0.42% 1.26% ±0.04%
Si-PIN 0.78% 2.63% ±0.04%
Table 6.1: Calculated intrinsic efficiencies for detectors under irradiation of AWE
AmBe neutron source (≈6mSv/h), with and without 25µm Kapton convertor
layer.
Despite the very simple setup, there was an improvement in the intrinsic
efficiency with the convertor layer present by at least a factor of two for D-SC and
a factor of three for SiC-SI and Si-PIN. There was no significant improvement
in the SiC-EP but this will be down to the very thin depletion width at 0V
(1.3µm from Table 5.2) and the large penetration depths of the conversion protons
(Figure 2.2).
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It is less clear as to why there is no significant improvement in the D-
PC detector, however it is worth noting that the application of the conversion
layer was particularly difficult for this detector and it is likely related to
increased distance between layer and detector, with a subsequent reduction in
the interaction probability of the conversion proton.
Large Area Detectors and Arrays
The majority of the detectors tested have shown, what may be considered,
relatively low counting statistics for an application like active interrogation.
Although high fluence interrogation pulses and fission reaction products would
be expected, when the speed of the pulse (≈ms), distance to the detectors (3-5m)
and timing of the interrogation (one container every 20 minutes) are considered, it
is likely the incident radiation flux on the detectors may be quite low, emphasising
the low intrinsic efficiencies.
However, it is worth noting that results presented are for one, very small
detector and the proposed overall ‘detection system’ in the final application will
be in the order of 1m2. Therefore it is likely that the detection system will
comprise of a number of detectors which, when combined will give better overall
statistics.
In fact, as can be seen in Figure 6.11(a), two separate SiC-SI-Cr de-
tectors of equal size gave a combined alpha spectrum equivalent to that
obtained in one of the detectors over double the timing period. Essentially
ICr1(200s)+ICr2(200s)=ICr1(400s), where I is the total number of counts for SiC-
SI-Cr1 and SiC-SI-Cr2. Some calibration would be required between detectors
in order to normalise their results, but this is standard practice for combined
instrumentation.
A similar result was found in Figure 6.11(b) for the detectors irradiated with
AmBe neutrons. The combined spectra was in reasonable agreement at low
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Figure 6.11: SiC-SI-Cr1 and SiC-SI-Cr2 detector array at -400V.
energies (±20% in the count rate per channel), but there were more significant
variations at higher energies, primarily due to the counting statistics involved.
The results in Figures 6.11(a) and 6.11(b) essentially represent a detection
array, i.e. multiple detectors and electronics combined for an overall detection
system response to radiation.
Scaling this logic up to the required detection area for the active interrogation
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application (1m2), an array of 12346 SiC-SI-Cr 0.9×0.9cm detectors could
produce a similar radiological response (spectra or total count rate) as the SiC-
SI-Cr1 detector in Figures 6.11(a) and 6.11(b) within 32ms for alphas and 702ms
for neutrons, which is comparable to the requirements presented in Section 1.4.
Of course this assumes that the radiation is uniformly incident upon the 1m2
detection system, which would be difficult for the geometries used within this
particular investigation but more likely for the active interrogation application
due to the 3-5m source-to-detector distance.
It is also worth noting the results presented in Chapter 5 for the SiC-
Cr detectors. Several semi-insulating SiC detectors were fabricated with sizes
ranging from 0.04cm2 to 0.81cm2. Despite the 20 fold increase in detector area,
the leakage current at -400V increased by only 3% and was still only in the order
of 0.6nA. Furthermore, there was no significant loss of spectroscopy capability,
suggesting that larger area detectors could be fabricated.
This is extremely beneficial as it would reduce the complexity of detector
fabrication, and therefore cost, as well as simplifying the overall detection system
(i.e. less electronics). It should be noted though that a reduction in the intrinsic
efficiency was observed in Figure 5.12 as the contact area increased. It is therefore
possible that increasing the size of the detector would actually have a negative
impact on the counting efficiencies of the system. Conversely, should the detector
be too small edge effects may cause issues with the effective sensitive area leading
to similar negative effects.
6.5 Suitability for Active Interrogation
The results presented as part of this investigation have aimed to characterise the
performance of diamond, silicon carbide and silicon radiation detectors for the
AWE active interrogation project discussed in Section 1.4. A summary of the key
criteria and the results achieved has been given in Table 6.2.
195
6 - Application Characterisation
Property Criteria D-SC D-PC SiC-EPa SiC-SI Si-PIN
Radiation
Hardness
>5 years No Change -17% (i) No Change -19% (CCE)
Higher
Leakage
Environmental -30◦C to +55◦C
-60◦C
to
+100◦C
Not tested
-60◦C
to
+100◦C
-60◦C
to
+100◦C
-40◦C
to
+100◦C
b
Scalability £/mm2 98.76 3.43 3.40 0.59 0.02
£/i(AmBe) 900 1334 3×106 4206.25 284.09
Neutron Energy
Discrimination
nslow<2MeV
nfast>2MeV
Emax(5MeV )
Emax(1MeV )
= 3.5
Emax(5MeV )
Emax(1MeV )
= 2.5
Emax(AmBe)
Emax(Cf)
= 5.0
Emax(5MeV )
Emax(1MeV )
= 4.9
Emax(AmBe)
Emax(Cf)
= 2.0
Cross-sensitivity n
γ
>1
Emax(AmBe)
Emax(Co−60)
= 8.1
Emax(AmBe)
Emax(Co−60)
= 16.0
Emax(AmBe)
Emax(Co−60)
= 6.4
Emax(AmBe)
Emax(Co−60)
= 6.9
Emax(AmBe)
Emax(Co−60)
= 9.1
Dynamic Range ∼1ms tp = 1.3ms tp = 117ms - tp = 1.8ms tp = 3.1ms
Limited by electronics
Stabilityc 1-20mins
For alphas;
Good long
term
For alphas;
Very poor Stable
For alphas;
Poor Stable
a At 0V.
b From Appendix C.
c Subject to incident radiation and flux.
Table 6.2: Summary of key findings relating to the criteria set forth for the AWE
active interrogation project, see Section 1.5. Costs from [43].
The investigation showed that the D-SC and SiC-EP detectors demonstrated
little or no signs of radiation damage throughout the investigation, measured
through current-voltage and alpha particle CCE-voltage tests. This would be
expected for so-called radiation hard detectors. However, the D-PC and SiC-
SI material did show some signs of radiation damage through increased leakage
current and decreased CCE. It is possible that with the already low charge
collection efficiency material (<50%), even small increases in the number of traps
present (here created through radiation interactions) may cause serious affects in
the material, i.e. if tdrift  τ .
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The Si-PIN did not demonstrate a difference in the CCE performance, but
some increase in the leakage current was noted. This suggests issues related to
the surface layers and contacts rather than the bulk material [50][159].
All the detectors temperature tested provided a reasonable performance
(nA leakage current, detect alphas) beyond the ranges required for the active
interrogation application. For D-SC and SiC-EP, although an increase in leakage
current was observed (from 293K to 373K a 55× increase for D-SC at -400V and
a 14× increase at -20V for SiC-EP), the radiation detection capabilities were the
same for most of the temperatures tested. For SiC-SI, there was some variation
in both the leakage current (257× increase from 293K to 373K at -400V) and
radiation detection capability (≈50% reduction in peak position), but despite
this the detector still operated sufficiently well.
The scalability of the detectors for the final application showed significant
variation. Si-PIN is both the cheapest per unit area, as well as per unit of neutron
intrinsic efficiency - essentially it detects more neutrons per pound sterling than
the other detectors, which could be expected for such a mature and wide spread
semiconductor technology.
Interestingly D-SC, which is by far the most expensive detector per unit
area, is actually comparable to the Si-PIN for price per efficiency (same order
of magnitude). Similarly the D-PC also showed a reasonable cost per efficiency,
highlighting the benefit of a carbon based neutron detector.
Both SiC detectors showed a high cost per unit efficiency, which may be
expected for low CCE material (SiC-SI) and 0V applied bias (SiC-EP). It did
however show a quite reasonable cost per unit area, particularly the SiC-SI,
suggesting that large area detectors could be financially viable.
One of the most important criteria for the AWE active interrogation
application is the ability to detect and discriminate neutrons of different energies,
as well as the background ionising photons created during interrogation. All
the detectors demonstrated the ability to detect neutrons, while being able to
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discriminate between different neutron energies and Co-60 gammas (1173keV
and 1332keV) through simple energy threshold discrimination.
The discrimination between neutron energies was comparable between detec-
tors, with the ratio between neutron endpoint energies being between 2.0 to 5.0.
The cross-sensitivity to Co-60 gammas provided an even better ratio of between
6.4 to 16.0, with D-PC giving the latter. This is likely due to the lower Z number
of this material attenuating fewer photons. This would also be expected in D-
SC, however this detector was thicker and as such the probability of gamma
interaction would be higher.
These detection capabilities were tested over a wide dynamic range of ambient
equivalent dose rates, with the limit of linearity for the detection system (detector
plus electronics) determined to be between 10 and 100 mSv/h for Co-60 gammas.
A higher dose rate linearity was most likely possible for neutrons, due to the flux-
to-ambient dose equivalent rate weighting factors, with no non-linear performance
observed in this investigation.
It was noted that these dose rate limitations were down to the electronics
rather than detectors, however, with the minimum average time between two
events being in the order of 1.3 to 3.1ms for D-SC, SiC-SI and Si-PIN, it would
suggest this electronic setup could potentially be used for active interrogation.
Finally it was shown that the SiC-EP (at 0V) and Si-PIN detector were stable
during operation and showed no signs of the so-called polarisation effect.
D-SC did show polarisation over a relatively short period (>1000s, subject
to the incident flux), but the long term stability following that period was very
good (little or no polarisation for >10,000s, subject to incident flux). The low
CCE material (SiC-SI and D-PC) however demonstrated very poor stability and
potential loss of detection capability during irradiation. The SiC-SI detector did
demonstrate good stability (>20,000s) with a relatively low flux (≈ 18.5 ± 0.6
alphas per second over 0.25cm2) or at high temperatures, suggesting a trapping-
detrapping equilibrium in those situations.
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A thorough investigation has been carried out in order to determine the suitability
of diamond, silicon carbide and silicon detectors for active interrogation security
applications.
This included electrical and radiological characterisation of Element Six grown
single crystal diamond (D-SC) and polycrystalline diamond (D-PC) samples; Cree
grown epitaxial silicon carbide (SiC-EP) and GeneSiC fabricated semi-insulating
silicon carbide (SiC-SI); as well as a commercial silicon PIN photodiode (Si-PIN)
from Hamamatsu. Similar work was also conducted on alternative semi-insulating
silicon carbide material from Cree and Norstel, fabricated at the University of
Surrey.
This work aided in determining whether the detectors were suitable for
radiation detection purposes, as well as obtaining the operational criteria
for use. The D-SC and Si-PIN detectors demonstrated favourable detection
characteristics, that being low leakage currents (-67.42±0.01fA at -400V, -
1.042±0.003nA at -25V respectively), 100% alpha particle charge collection
efficiency (<-200V, <-1V respectively), good alpha energy peak resolution (≈5%
at -400V, ≈3% at -25V respectively) and intrinsic efficiency (100%), as would be
expected [134][142].
Similar suitable detection capabilities were also observed in SiC-EP with a
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low leakage current (-6.97±0.02nA at -100V), reasonable alpha charge collection
efficiency (>62% at -100V), intrinsic efficiency (≈85%) and a resolution compara-
ble to that obtained in the Si-PIN for the same source (≈11% at -400V and -25V
respectively). However, operational issues arose during the investigation which
limited the SiC-EP operation to >-14V. As such, work was conducted to show
that this detector could operate reasonably as an unbiased detector (0V), with
1.312±0.004mA leakage currents, ≈32% alpha charge collection efficiency, ≈85%
intrinsic efficiency and double the resolution of that at -100V (≈20%).
Despite the D-PC and SiC-SI detectors demonstrating low alpha charge
collection efficiency (<5% and <50% at -400V respectively), these detectors have
been shown to still provide reasonable radiation detection capabilities, with low
leakage currents (-3.94±0.01fA, -19.73±0.01fA at -400V respectively) and clear
alpha peaks (≈5% and ≈ 20% resolution at -400V respectively). The SiC-SI
detector also demonstrated 100% intrinsic efficiency below -200V, where as the
D-PC was limited to ≈45%.
The Cree and Norstel detectors fabricated at the University of Surrey were
also found to produce comparable detection characteristics (leakage current, alpha
resolution and charge collection efficiency) relative to similar detectors fabricated
via commercial methods presented in the literature [127][165] validating the
contacting technique. The alpha charge collection efficiency at -400V for the
two material types was relatively unchanged between each fabrication method
tested (≈20% and ≈10% for Cree and Norstel respectively), highlighting the
charge transport properties are dependent upon the bulk material.
The leakage current and alpha peak resolution (effectively the ability to see
the alpha peak above noise) were found to vary with the contacting method and
material. Despite issues with contact peeling, and the subsequent abrasive surface
polishing, only very small variations in leakage current were found (factors of 2-7
times at -400V for Cree material) with little change in resolution (≈6% and 10%
for Cree and Norstel respectively), highlighting the robust nature of the material
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tested.
On the other hand it was shown on the Norstel material that the contact
material could significantly alter the leakage current (factor of 27 times at -
400V) and reduce resolution (10% to 45%) demonstrating the need for a good
contact recipe. However, the calculated resistivities over ±5V were shown to
be consistent (average of 5±1× 1013Ω·cm and 2.4±0.5× 1013Ω·cm for Cree and
Norstel) regardless of fabrication technique, again demonstrating that the bulk
material itself is unaffected by the fabrication technique [96][97].
During the investigation stability issues were noted in the low doped, wide
band gap materials (D-SC, D-PC and semi-insulating SiC detectors), that being a
change of both peak position and count rate over time, the so-called polarisation
effect.
The polarisation rate was found to be dependent upon the incident radiation
flux (more flux → faster polarisation). Furthermore, for semi-insulating SiC
detectors it was observed that the detector would recover when bias was reduced
to 0V or when illuminated with ambient room light. The latter also led to an
improvement in stability of the detector (lower polarisation rate) as a result of
photoelectrons filling all the traps in the material [119].
A similar improvement in stability (decrease in polarisation rate) was observed
for semi-insulating SiC at high temperatures (+100◦C), as these temperatures
give sufficient energy to improve the detrapping rate within the material, leading
to a trap-detrap equilibrium. These polarisation management techniques make
D-SC, D-PC and semi-insulating SiC detectors feasible solutions for practical
radiation detection applications.
For D-SC, polarisation was mainly apparent for alpha particle irradiations,
although a small increase in count rate was also noted for Co-60 gammas. For
alpha particles the effect manifested itself as a decrease in count rate and peak
position in a short period of time (<1000s) which, when the traps were fully filled,
led to stable operation at a lower CCE for long periods of time (>20,000s).
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For D-PC and SiC-SI, polarisation was observed for alpha, beta, X-ray,
gamma, radionuclide neutron (fast and thermal), mono energetic neutron (fast)
and neutron+proton (convertor) irradiations, with the exception of AmBe
neutrons for D-PC and Co-60 gammas for SiC-SI. The results obtained generally
showed an increase in polarisation rate as the ionisation density of the incident
particle increased (i.e. the number of charge carriers created per incident
particle). The polarisation caused by Co-60 gammas and neutrons, which
have low ionisation densities, was likely a result of charged conversion particles
(scattered Compton electrons, neutron recoil particles, etc) from the test box
geometry.
The D-SC, SiC-EP and Cree silicon carbide (SiC-SI-Cr5) material were found
to operate from -60◦C to +100◦C. An increase in leakage current was observed
as the temperature increased, for all detectors. The CCE of the SiC-EP and
D-SC detector remained the same, with the exception of +100◦C measurement
for D-SC. The SiC-SI-Cr5 did show some variation in the CCE, both at high and
low temperatures, with the ‘optimum’ point being around room temperature.
However, it was also found that SiC-SI-Cr5 became more stable as temperature
increased, that being the rate of polarisation decreased, suggesting an improved
equilibrium between charge trapping and de-trapping.
Following these results, the performance of selected detectors (D-SC, D-PC,
SiC-EP, SiC-SI, Si-PIN) were also measured against criteria for the AWE active
interrogation project, including: the radiation hardness of the detectors; scala-
bility of each material for large area detection; ability to discriminate between
neutron energies; cross-sensitivity between gamma and neutron radiation; and
the dynamic range of the detection system for a range of radiation fluxes.
For D-SC and SiC-EP no clear radiation damage effects were noted, as would
be expected for so-called radiation hard detectors [32][33]. For Si-PIN a higher
leakage current was observed at the end of the project, but the CCE was the
same, suggesting potential radiation damage to surface layers and contacts rather
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than in the bulk material [50][159]. However, the D-PC and SiC-SI detectors
demonstrated both higher leakage currents at the end of the project and lower
CCE. As this material already had low mobility lifetime products (CCE<50%)
it is possible that even small amounts of radiation damage may have added to
the deep energy level traps already present.
A discussion of the scalability of each detector relative to the radiological
performance has also been made within the investigation. Overall the Si-PIN
detector provides the best cost per unit area and per % of intrinsic neutron
counting efficiency, as would be expected for such a mature, widely used material.
The diamond detectors demonstrated a better cost per intrinsic neutron counting
efficiency relative to SiC (highlighting the benefit of a fully carbon based
detector), but at the time of writing SiC material would have better cost per
unit area.
All the detectors demonstrated the ability to discriminate between both
different energy neutrons and ionising photon (gamma) energies using simple
energy threshold discrimination, thus meeting key requirements for the active
interrogation application. These observations were taken over a range of incident
flux rates and were found to be linear up to 10-750 photons/cm2/s (corresponding
to an ambient dose equivalent rate of 10-100mSv/h), with a higher rate likely for
neutrons. This was a limitation of the detection system (preamplifier, shaping,
MCA) as opposed to the detectors.
Comparison of the different neutron end point energies (Emax) showed that
both SiC detectors had very good neutron discrimination ability (Emax(AmBe) /
Emax(Cf)≈5) i.e. there was a larger AmBe spectrum above the Cf-252 threshold.
For Si-PIN discrimination was still possible, but to a lower extent (Emax(AmBe)
/ Emax(Cf)≈2). Similarly for D-SC and D-PC, Emax(5MeV) / Emax(1MeV)≈3.5
and 2.5 respectively, with the difference between ratios down to the lower
resolution of the D-PC material.
For Co-60 gammas (1173keV and 1332keV) the D-PC detector actually gave
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the best performance (Emax(AmBe) / Emax(Co-60)≈16) due to the low gamma
interaction probability of the material (Z). D-SC would be expected to perform
similarly, but the detector was thicker (500µm compared to 300µm) and as such
had a lower neutron/gamma ratio (8.1) due to increased gamma interactions.
The SiC-EP, SIC-SI and Si-PIN detectors performed reasonably for gamma
discrimination, with ratios of 6.4, 6.9 and 9.1 respectively.
Finally work was conducted to demonstrate that simple optimisation of
the detection system results in improved detection capability. Simple proton
conversion layers were shown to improve the intrinsic counting efficiency of
the D-SC, SiC-SI and Si-PIN detectors by 2-3 times, compered to without the
conversion layer. High Z filtration (lead) was also shown to attenuate ionising
photon radiation more than neutrons, allowing for better neutron-gamma cross-
sensitivity of the detectors.
Furthermore, the feasibility of large area semi-insulating SiC detectors or
detection arrays, allowing for better counting statistics in the detection system,
was demonstrated. Two identical semi-insulating SiC detectors were shown to
have the same alpha and neutron spectra as one of those detectors would have in
twice the time. As such, despite the relatively low efficiencies demonstrated in the
investigation (<5%) a large array of semiconductor detectors may be potentially
suitable for the active interrogation application.
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Although the work presented has demonstrated the feasibility of using diamond,
silicon carbide and silicon detectors for active interrogation applications, there
is still potential for additional work stemming from this project. In the first
instance, testing these detectors directly within an active interrogation system is
necessary in order to determine the capabilities and limitations of these detectors.
Leading on from that, tests in mixed radiation fields (gamma and neutron or
different neutron energies) would confirm the ability to discriminate between
energies and radiation types. During the investigation, these options were not
available due to the timing of the AWE active interrogation programme and issues
with the source exposure equipment.
Subject to those findings, it may be necessary to further develop the design
optimisation techniques discussed in this investigation. Certainly improvements
could be made to the hydrogenous proton conversion layer, particularly in the
way it is applied and the optimum thickness used. The trade-off between high
atomic number filtration thickness and detection capability also needs to be
investigated further, once the emissions from active interrogation are known.
Thicker material (500µm) is now also available from Cree which could enhance the
neutron detection capabilities of that material. Furthermore, when the counting
statistics and flux rate of the application are known, large area detector arrays
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and fast timing electronics should be developed further, if required.
The investigation has also highlighted a number of interesting material
qualities which could be further investigated. The fabrication work on low CCE
(<50%) semi-insulating silicon carbide showed that the material is particularly
robust, with little affecting the fundamental bulk charge collection properties,
aside from potential radiation damage effects. Furthermore, although it was
observed that the leakage current was affected by the fabrication technique or
material, the detectors still operated with a reasonable leakage current (≈nA)
and could detect alpha particles. Investigating the limits of these observations
could be interesting for future fabrication techniques.
Following on from that, further investigations of the radiation damage effects
in low charge collection efficiency material (<50%) should also be looked at.
Determining the type of radiation induced defects and/or energy location would
significantly assist with understanding the mode of radiation damage, as well as
how traps affect the operation of these detectors. Furthermore, the suggestion
that metal contacts, mounting boards and bonding could be affected by radiation
damage is certainly an interesting one, with significant implications on the
fabrication of radiation hard detectors.
The stability of the detectors during irradiation is of particular interest for
future work. This primarily concerns the observed polarisation effect, but the
operational issues observed in the epitaxial silicon carbide detector are also of
interest. Testing the proposition that carbon dioxide build up on the detectors
could cause a permanent breakdown has significant implications for future use of
these types of detectors and is worth exploring.
For the detectors that demonstrated the polarisation effect, additional work
on linking polarisation rate to trapping concentration is worth investigating
further. Along with that, testing the concept of priming in semi-insulating silicon
carbide has not yet been demonstrated in the literature. Certainly developing the
depolarisation/stable operation concept with light should be investigated further,
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particularly optimisation of the wavelength of light used and whether irradiation
during illumination is possible.
The increase in stability for semi-insulating silicon carbide as a function of
temperature is a particularly interesting observation which should be further
investigated, certainly as the material is regularly touted as a device for harsh
conditions. Furthermore, investigating the observed change in polarisation rate as
a function of applied bias is compelling further work, not just for semi-insulating
silicon carbide, but also other polarising detectors.
Finally there are a number of applications outside of active interrogation where
the work presented in this report may be of interest. In particular, the reduced
gamma sensitivity shown in the carbon based detectors would be of interest to
electronic personal neutron dosimetry, where as the temperature dependence and
stability improvements would be beneficial in oil and gas welling, as well as the
nuclear industry.
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Schottky Diode Current Density
The current density (J) of a Schottky diode at temperature T is described by [78],
J = Js
[
exp
(
q
V − JRon
ηkT
)
− 1
]
(A.1)
where,
Js = A
∗T 2exp
(
− qφb
kT
)
(A.2)
Here, V is the applied bias, A∗ is the effective Richardson’s constant and φb is the
barrier height. The values q and k are the charge of an electron and Boltzman
constant respectively. Where as η is the ideality factor, which gives an indication
of the quality of the Schottky contact. Ron is the on-resistance given by [78],
Ron =
xdet
qµeNd
=
4V 2b
µeE3c
(A.3)
where µe is the electron drift mobility,  is the dielectric constant of the
semiconductor material and Nd is the doping concentration. Within this equation
Vb is the breakdown voltage, Ec is the conduction band energy and xdet is the
depletion width.
Extrapolation of the linear region within a plot of ln(J) versus V allows the
barrier higher to be determined from the slope (dV/dln(J)),
φb =
kT
q
ln
(
A∗T 2
Js
)
(A.4)
and the ideality factor from the intercept.
η =
q
kT
(
dV
donJ
)
(A.5)
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Sputter Coating Settings
Settings for Emitech K575X and K575XD sputter coating machines as part of
the detector fabrication process:
Gas: Argon (K575X)
Argon / Nitrogen (K575XD)
Main Gauge: 2bar
Secondary Gauge: 1bar
Sputter Coating
Target: Noble (Oxidising for Ti)
Cycle value: 5×10−1
Clean Current: 150mA
Clean Time: 60s
Sputter Current: for 10nm → 50mA
for 100nm → 110mA
for Ti → 125mA
Sputter time: 30s
No. Cycle: 1
Rough pump time: 10s
Pump hold enabled: No
Pump hold time: 8hr
Gas flush time: 15s
Gas bleed: 15s
Continuous Cycle: No
FTM
Enabled: Yes
Terminate value A: As required
Terminate value B: As required
Material A: As required
Tool factor A: 1.5
Material B: As required
Tool factor B: 1.5
FTM Operate: Auto
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Hamamatsu S1223 Data Sheet
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Appendix D
Norstel Material Data Sheet
MATERIAL CHARACTERISTICS (substrate)
Growth Method - HTCVD
Polytype - 100% 4H
Conductivity Type - semi-insulating
Dopant - nominally undoped
Crystal Orientation - (0001)
Off-Orientation - on axis
SUBSTRATE ELECTRICAL CHARACTERISTICS
Resistivity - > 1x106Ωcm at Room Temp.
Average Measured Resistivity - 7x1011Ωcm
DIMENSIONAL CHARACTERISTICS
Diameter - 50.8mm ± 0.5mm
Thickness - 350µm ± 40µm
Average Measured Thickness - 332.8µm
Total Thickness variation - < 20µm
Measured Total Thickness variation - 15µm
Bow - 0± 40µm
Measured Bow - -4µm
Primary Flat Orientation - <11-20>
Primary Flat Length - 15.8 ± 1.0mm
Secondary flat orientation - <1-100>
Secondary flat length - 8.0 ± 1.0mm
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Cree Material Data Sheet
MATERIAL CHARACTERISTICS (substrate)
Polytype - 4H
Product Type - high purity
Conductivity Type - semi-insulating
Grade - Research
Dopant - nominally undoped
Orientation - on axis
Micropipe density - standard
Polish - Double Side Polish,
Si Face Chemical-mechanical planarization polish and Epi Ready
SUBSTRATE ELECTRICAL CHARACTERISTICS
Resistivity - > 1x105Ωcm
Average Measured Resistivity - 1x109Ωcm
DIMENSIONAL CHARACTERISTICS
Diameter - 76.2mm
Thickness - 342.29µm
Average Measured Thickness - 332.8µm
Total Thickness variation - 3.86µm
Warp - 7.05µm
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Other Project Detectors
Material Fabrication
Detector
(Material-Type-Code)
Manf.
Thick.
(µm)
Mnf.
Contact
Material
Contact
Thick.
(nm)
Anneal
Contact
Size
(mm)
Mount Comment
SiC-SI-1SN Norstel 333
Cambridge
MicroFab
Nb
:
Nb
250
:
250
ø4 PCB
SiC-SI-3SN Norstel 333
Cambridge
MicroFab
Nb
:
Nb
250
:
250
ø2 PCB
SiC-SI-9x10 Norstel 333 UniS
(S)
Au/Pt/Ti
:
Ni/Au
(O)
30/20/100
:
50/10
500◦C
30min
:
980◦C
2min
8×9 PCB
TiO2,
optical hole
in top
contact.
SiC-SI-9x10-OO Norstel 333 UniS
(O)
Au/Ni
:
Ni/Au
(O)
30/20/100
:
50/10
980◦C
2min
9×10 PCB
Ohmic only,
TiO2,
optical hole
in top
contact.
Table F.1: Detectors used as part of project but unreferenced within the main
document. The ‘Detector’ column corresponds to the reference used for each
detector throughout the investigation, where PIN, EP, SI, SC, PC are PIN,
epitaxial, semi-insulating, single crystal and polycrystalline respectively. Manf
is the manufacturer and UniS is the University of Surrey. The values given in
the format X:X correspond to the position relative to the detector material, in
this case represented by ‘:’. Furthermore, in the ‘Contact Material’ column (S)
and (O) correspond to Schottky barrier contact and ohmic contact respectively..
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Maestro Acquisition Script
%***********************************************
%Maestro-32 - Script
%Regular Spectrum Save
%Written: Michael Hodgson
%Version: 2.0.0
%Date: 06/11/2012
%***********************************************
%This script starts acquisition and saves it to 
%C: file (Maestro_Regular_Save) every [X] seconds 
%for [Y] loops.
%This script assumes there are detectors 1 & 2
%The "Maestro_Regular_Save" folder needs to be 
%created in the C: drive 
%***********************************************
SET_DETECTOR 1
SET_PRESET_CLEAR
SET_PRESET_REAL 10000000
CLEAR
SET_DETECTOR 2
SET_PRESET_CLEAR
SET_PRESET_REAL 10000000
CLEAR
SET_DETECTOR 1
START
SET_DETECTOR 2
START
LOOP 200 % Y
SET_DETECTOR 0
WAIT 3600 % X
SET_DETECTOR 1
FILL_BUFFER
SET_DETECTOR 0
SAVE "C:\Maestro_Regular_Save\Detector-1-???.chn
SAVE "C:\Maestro_Regular_Save\Detector-1-???.spe
SET_DETECTOR 2
FILL_BUFFER
SET_DETECTOR 0
SAVE "C:\Maestro_Regular_Save\Detector-2-???.chn
SAVE "C:\Maestro_Regular_Save\Detector-2-???.spe
END_LOOP
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Ortec 142A Preamplifier Data Sheet
142A, B, and C
Preamplifiers
ORTEC
The ORTEC Models 142A, 142B, and
142C Preamplifiers are low-noise, fast-
rise-time, charge-sensitive preamplifiers
designed for optimum performance with
charged-particle or heavy-ion detectors. 
The Model 142A is optimized for
extremely low noise and fast timing for
detectors with capacitance up to 100 pF.
This makes it the ideal selection for high-
resolution alpha- and beta-particle
spectroscopy applications.
Model 142B is optimized for extremely
low noise and fast timing for detectors
with capacitance greater than 100 pF but
less than 400 pF. 
Model 142C is optimized for extremely
low noise and fast timing for detectors
with capacitance greater than 400 pF.
These preamplifiers have a separate fast-
timing output with pulse widths of ~50 ns
and rise times ranging from less than 5
ns for 0 pF detectors to less than 20 ns
for 1000 pF detectors. This timing output,
when used in conjunction with  ORTEC's
standard electronics, provides excellent
time resolution (Fig. 1); also, its fast-
differentiated shape often permits direct
coupling to the timing discriminator.
The performance of many spectroscopy
systems can be enhanced by these
preamplifiers being able to operate in
vacuum enclosures. This allows the input
cable length to be minimized. The small
size of the preamplifiers is of significant
importance when operating in such
enclosures due to the limited space
available.
Specifications
PERFORMANCE*
NOISE  (see Fig. 2)
Detector Maximum
Capacitance Noise
Model (pF) (keV) (Si)
142A 0 1.60
142A 100 3.40
142B 100 3.20
142B 1000 19.00
142C 400 7.20
142C 1000 14.50
142C 2000 27.00
INTEGRAL NONLINEARITY ≤0.03%, 0 to
±7 V open circuit or ±3.5 V terminated in 93 Ω.
TEMPERATURE INSTABILITY
142A <±50 ppm/°C from 0 to 50°C.
142B  <±100 ppm/°C from 0 to 50°C.
142C <±100 ppm/°C from 0 to 50°C.
OPEN LOOP GAIN
142A  >40,000.
142B >80,000.
142C >80,000.
CHARGE SENSITIVITY (Si equivalent)
142A Nominally 20 mV/MeV.
142B Nominally 10 mV/MeV.
142C  Nominally 10 mV/MeV.
ENERGY RANGE
142A  0–200 MeV.
142B 0–400 MeV.
142C 0–400 MeV.
E2CRP Maximum energy-squared count-rate
product:
142A  2 X 107 MeV2/s.
142B  5 X 107 MeV2/s.
142C 5 X 107 MeV2/s.
RISE TIME (0 to 0.5 V pulse at E output on
93-Ω load)
142A <5 ns at 0 pF; <12 ns at 100 pF.
142B  <5 ns at 100 pF; <25 ns at 1000 pF.
142C <11 ns at 400 pF; <20 ns at 1000 pF.
DECAY TIME
142A Nominally 500 µs.
142B Nominally 1000 µs.
142C  Nominally 1000 µs.
RECOMMENDED RANGE OF INPUT
CAPACITANCE
142A 0 to 100 pF.
142B 100 to 400 pF.
142C 400 to 2000 pF.
DETECTOR BIAS VOLTAGE ±1000 V
maximum.
• Optimum performance for (A) low-, 
(B) medium-, and (C) high-
capacitance charged-particle or 
heavy-ion detectors 
• Extremely low noise
• Accepts 0 to ±1 kV bias
• Separate fast-timing output signal 
with rise time from <5 ns
• Operates in vacuum
• Small size
Fig. 1.  Typical Time Resolution vs. Energy for
Different Capacitance Detectors Using
ORTEC Standard Electronics.
*Performance specifications apply to E output unless
stated otherwise.
®
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INPUTS
INPUT  Accepts positive or negative charge
input (normally from a semiconductor detector)
from any type detector; BNC connector.
BIAS Accepts detector bias from bias supply
and applies it to detector through the INPUT
connector; maximum ±1000 V; SHV connector
or ORTEC type C-38.
TEST Input for pulse generator to test and
calibrate the system; BNC connector.
POWER Input power through 10-ft captive
power cable from ORTEC main amplifier or
ORTEC Model 4002P Portable Power Supply.
OUTPUTS
E Positive or negative linear tail pulse for
energy measurement. BNC connector.
T Negative or positive linear fast-clipped pulse
for timing. This output is generated using an
inverting transformer that differentiates the
energy output. Its rise time ranges from <5 ns
to <25 ns. BNC connector.
ELECTRICAL AND MECHANICAL
POWER REQUIRED
142A +24 V, 20 mA; –24 V, 10 mA;
+12 V, 15 mA;  –12 V, 15 mA.
142B +24 V, 40 mA; –24 V, 10 mA; 
+12 V, 15 mA;  –12 V, 15 mA.
142C +24 V, 40 mA; –24 V, 10 mA;
+12 V, 15 mA;  –12 V, 15 mA.
WEIGHT
Net  0.32 kg (0.75 oz).
Shipping 1.25 kg (2.75 lb).
DIMENSIONS 3.81 X 6.10 X 13.3 cm 
(1.5 X 2.4 X 5.25 in.).
SELECTION GUIDE TO 142A,
142B, OR 142C
To choose among Models 142A, 142B, or
142C:
1. Find the depletion depth of your detector. If
it is an ORTEC detector, the last group of 2 to
4 digits is the depth in µm.
2. Find the depletion depth on the graph above
and read the capacitance in pF/mm2 on the top
of the chart.
3. Multiply by the area of your detector in mm2.
This is the middle 3-digit number for an
ORTEC detector. Choose a Model 142A if the
capacitance is less than 100 pF, a Model 142B
if the capacitance is more than 100 pF but less
than 400 pF, or a Model 142C if the
capacitance is greater than 400 pF. Example:
An ORTEC D-025-200-100 detector will have
about 1 pF/mm2 for its 100-µm depletion
depth. This, then, is 200 pF for the 200 mm2
area, and a Model 142B Preamplifier is
preferred.
Ordering Information
To order, specify:
Model Description
142A Preamplifier (for 0 to 100 pF)
142B Preamplifier (for 100 to 400 pF)
142C Preamplifier (for 400 to 2000 pF)
Fig. 3.  Typical Rise Time as a Function of Input Capacitance with
Rise Time Compensation Optimized at Each Data Point.
(Values given are for a +0.5-V signal into 93 Ω from the E channel.)
SILICON DETECTOR
Specific Capacitance in pF/mm2
Fig. 2.  Typical Noise as a Function of Input Capacitance Measured with an
ORTEC Model 572 Amplifier and 2-µs Time Constant.
142A, B, and C
Preamplifiers
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Abbreviations, Symbols and Constants
A = Mass number
a = Contact/detection area of detector
An = Activity
AWE = Atomic Weapons Establishment
Be = Neutron source strength energy distribution
Be·E = Neutron source strength lethargy
Bi = Neutron group source strength
C = Arbitrary constant
CBRN = Chemical, biological, radiological and nuclear
C = Capacitance
CCE = Charge collection efficiency
cps = Counts per second
CVD = Chemical vapour deposited
D = Diamond
dE/dx = Stopping power or rate of energy loss
DLC = Diamond like carbon
E = Electric field strength
E+γ = Positron decay gamma ray
Eb = Band energy level
Et = Trap energy level
Ew = Weighting fields
E0 = Energy
Eav = Average energy
Ec = Conduction energy band
Ee = Electron / beta energy
Eg = Band gap
Ei = Ion energy
En = Neutron energy
Er = Recoil energy
Ev = Valence energy band
Eγ = Photon energy
F = Force between two charges
f = Frequency
FWHM = Full width at half maximum
H*(10) = Ambient dose equivalent
HEU = Highly enriched uranium
HTCVD = High temperature chemical vapour deposited
I = Counts / count rate
Iair = Count rate in air
I0 = Number of incident radiation
Ic = Count rate
Ie = Excitation energy
Ii = Current
Ks = Constant
mc = Effective mass of the charge carrier
MCA = Multichannel analyzer
n = Neutron
N = Number density
n’ = Recoil neutron
Ni = Impurity concentration
ni = Intrinsic carrier concentration
no = Number
NPL = National Physical Laboratory
PICTS = Photo-induced current transient spectroscopy
p = Proton
P = Pressure
P50 = Peak position at 50% of maximum
Pmax = Maximum peak position
PCB = Printed circuit board
q = Charge
Q = Reaction energy
Q0 = Charge created
Qc = Charge collected
Qi = Charge induced
r = Distance
R = Resistance
rd = Detector diameter
Re = Emission rate
rs = Source diameter
Si = Silicon
SiC = Silicon Carbide
SNM = Special Nuclear Material
t = Time
TCS = Thermally stimulated current technique
tdrift = Charge carrier drift time
tp = Average time between pulses
tt = Detrapping time
tx = Thickness
UniS = University of Surrey
v = Velocity
V = Voltage / Bias
Vb = Breakdown voltage
Vc = Conduction voltage
Vw = Weighting potential
Vr = Reverse bias
W = Electron-hole creation energy
Wr = Ambient dose weighting factor
x = Penetration depth
xdet = Depletion width
xi = Interaction location
z = Charge magnitude
Z = Atomic number
Zi = Impedance
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qφb = Barrier height
qφm = Work function
qχ = Electron affinity
α = Alpha particle
β = v/t
β− = Beta particle
γ = Photon / gamma/ X-ray
δ/2 = Density correction factor
 = Dielectric constant of material
0 = Permittivity of free space
i = Intrinsic counting efficiency
η = ideality factor
κγ = Probability of pair production
λ = Drift length
µ = Photon attenuation
µ/ρ = Photon mass attenuation coefficients
µe = Electron mobility
µh = Hole mobility
ρ = Density of a material
ρc = contact resistance
ρe = Resistivity of a material
σ = Cross section
Σ = Macroscopic cross section
σe = Elastic cross section
σt = Thermal neutron cross section
σtr = Trapping cross-section
σtot = Total neutron cross section
σγ = Probability of Compton scattering
τγ = Probability of photoelectric absorption
τ = Charge carrier lifetime
ø = Flux
Φ = Electron binding energy
Ω = Solid angle
c = Speed of light in a vacuum = 2.998×108ms−1
e = Elementary charge = 1.6×10−19C
h = Planck’s constant = 6.63×10−34Js
me = Electron mass = 9.11×10−31kg
0 = Permittivity of free space = 8.85×10−12F/m
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